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Resume.  
This work is denominated Numerical resolution of heat and mass transfer phenomena. Application 
to the analysis of heat loss by convection in a flat solar collector. It is divided into eight chapters 
and four annexes. 
Chapter 1 presents the objectives, scope, and exclusions of the work. Chapter 2 is dedicated to the 
analysis of heat conduction in solids, while Chapter 3 covers the various methodologies of 
resolution of the Convection-Diffusion Equation. An introduction to the numerical resolution of 
the Navier Stokes equations is presented in Chapter 5. 
The experimental work on the flat solar collector and its results are presented in Chapter 6. 
The final conclusions are presented in Chapter 7 and the bibliography that was used for the 
development of this paper is presented in Chapter 8. 
In addition, three annexes are presented, Annexes A, B, and C which present the computational 
codes developed. Annex D presents the daily reports of the experimental part for the selected 
days. 
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1 Introduction. 
For the design of most industrial equipment, especially that associated with the generation, 
accumulation, and transport of thermal energy (such as solar collectors, heat exchangers, internal 
combustion motors, and systems of transport of high-density fluids), engineers have  two options: 
the most common is to use the practical theoretical knowledge systematized in rules, codes and 
prescriptive standards of either professional associations or legal regulations (for example in the 
case of heat exchangers The Tubular Exchanger Manufacturers Association, TEMA standard by its 
acronym), in addition to  personal and team experience. 
However, the current challenges in terms of energy efficiency, rational use of energy resources, 
and performance of equipment, make necessary a theoretical scientific study of the 
phenomenology associated with these systems in order to achieve improvements that address the 
challenges of the industry, in particular, and of the international community in general. 
On the other hand, the engineers and designers of the field of thermal energy and in the 
associated areas of mechanical engineering, need the full understanding of the processes related 
to the transfer of heat and mass requires the development of techniques and skills in the 
resolution of the governing equations of the motion of fluid. These equations, named Navier 
Stokes Equations, represent a challenge for science and technology and demand a detailed study 
for their application in the design of equipment. 
In this final master´s degree work, an approach to the resolution of these equations is presented 
through numerical techniques and algorithms applied to a series of examples. These examples will 
allow the evaluation of the performance of the solution methodologies, which are proposed with a 
focus on an eventual application to the design of solar collectors and which  will include the heat 
conduction, the study of the properties of the fluid with a known field of velocities, and finally the 
prediction of the field of velocities for given conditions.  
The whole development and presentation of these problems will be contrasted with the 
experimental application of the study of the performance of a solar collector, utilizing the 
installations of the Heat and Mass Transfer Technological Center (CTTC by its acronym in Catalan). 
This part of the work will be based on the study of experimental data and the application of 
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standard ISO 9806-1, named "thermal Performance of glazed liquid heating collectors including 
pressure drop". 
1.1 Objectives. 
The objectives of the work are presented below. 
1.1.1 Main objectives. 
The main objective of this work is develop a series of algorithms based on numerical methods and 
their respective computational codes for the resolution of the main problems of heat transfer, 
considering a future application in a flat solar collector, and to introduce analysis of the 
performance of a specific solar collector based on the experimental data collected during the 
investigation period. 
1.1.2 Secondary objectives. 
 Study of the equations of Navier Stokes 
 Resolution of the problem of conduction of heat. 
 General resolution of the convection diffusion equation. 
 Resolution of the equations of Navier Stokes. 
 Taking and managing experimental data from a solar installation. 
 Environmental data collection and management. 
 Testing of solar collectors based on international standards. 
1.2 Scope. 
The scope of this work is the development of a series of simplified exercises of heat conduction, 
resolution of convection-diffusion equation and resolution of Navier Stokes equations that have 
solution benchmarks. 
Additionally, the experimental efficiency curve of a flat solar collector is presented, where the 
overall heat loss coefficient is shown. 
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1.3 Exclusions. 
The complete study of these heat and mass transfer phenomena would need to consider many 
important aspects will not be considered in this work, such as: 
 Three-dimensional flow. 
 Turbulence 
 Phase change. 
 Pure convective movement. 
 Solar radiation. 
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2 Governing equations. 
Below, the flow movement governing equations, known as Navier Stokes equations, will be 
shown. First, however, some physical and mathematical aspects will be presented that will be 
useful for the study of these equations. 
2.1 Previous aspects. 
2.1.1 Control volume. 
A control volume (CV) is a volume we are interested in studying located in a designated space, and  
a control surface (CS) is  the area surrounding the volume. This surface is always a closed surface. 
The size and shape of the control volume is completely arbitrary, and is determined suitably for 
the study. The surface may be fixed or in motion, but must always be defined with respect to a 
coordinate system. 
The mass, the heat fluxes or the work can be cross the control surface, and properties such as 
temperature or density can change in relation to time. 
The Figure 2-1 shows a control volume with a property (in this case a mass flow) exiting across a 
differential control surface 𝑑𝐴 at an angle 𝜃 with respect to the normal ?⃗?   of this surface. 
 
Figure 2-1: Control volume (CV) and control surface (CS). Adapted from [1]. 
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2.1.2 Flow field specifications. 
In fluid mechanic, with respect to the observer's perspective, two specifications of the flow field 
are distinguished: the Eulerian perspective and the Lagrangian perspective. 
2.1.2.1 Eulerian flow 
The Eulerian flow approach, an infinitesimal fluid element is fixed in space with the physical 
properties (∅) moving through it (see Figure 2-2). 
 
Figure 2-2: Eulerian Flow. 
2.1.2.2 Lagrangian flow. 
In the Lagrangian flow approach, an infinitesimal fluid element is moving along a streamline with 
the velocity (𝑣 ) equal to the local flow velocity at each point (see Figure 2-3) 
 
Figure 2-3: Lagrangian flow. 
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2.1.3 Reynolds transport theorem. 
The Reynods transport theorem (RTT), allows associating the flow perspectives described above by 
the equation, for some property named ∅ and differential control volume 𝑑𝑉, with a density 𝜌, 
moving at a velocity 𝑣 :   
  𝐷
𝐷𝑡
∫ ∅𝜌𝑑𝑉
 
𝑉𝑡
=
𝜕
𝜕𝑡
∫ ∅𝜌𝑑𝑉
 
𝐶𝑉
+ ∫ ∅𝑣 ∙ ?⃗? 𝑑𝑆
 
𝐶𝑆
 
(2-1 ) 
Where the first term is the material derivative and is associated with the Lagrangian 
approximation, while the right-hand end of the equation corresponds to the Eulerian 
approximation. 
2.1.4 Newtonians fluids. 
A Newtonian fluid is a fluid in which the viscous stresses arising from its flow, at every point, are 
linearly proportional to the local strain rate, for a shear strength 𝜏 and a deformation rate 
𝑑𝑢
𝑑𝑦
, where 𝑑𝑢 is a differentially velocity change and 𝑑𝑦 is a differential variation in the 𝑦 direction. 
The relation as show in the Figure 2-4 
 
Figure 2-4: Newtonian fluid. 
The slope of the curve shown on the Figure 2-4 is the viscosity 𝜇 for the fluid, so, a Newtonian fluid 
behaves according to the following equation. 
  
𝜏 = 𝜇
𝑑𝑢
𝑑𝑦
 
(2-2 ) 
2.1.4.1 Stokes law for Newtonian fluids. 
The Stokes law for Newtonian fluids is given by: 
 Numerical resolution of and mass heat transfer phenomena   Pag. 7 
 
 
  
𝜏𝑖𝑗 = 𝜇 (
𝜕𝑣𝑖
𝜕𝑥𝑗
+
𝜕𝑣𝑗
𝜕𝑥𝑖
) −
2
3
𝜇
𝜕𝑣𝑖𝑗
𝜕𝑥𝑖𝑗
𝛿𝑖𝑗  
(2-3 ) 
Where 𝛿 is the Kronecker delta, in matricidal notation y for a three dimensional space: 
𝛿 = [
1 0 0
0 1 0
0 0 1
] 
(2-4 ) 
The proof of this equation is outside the scope of this work. 
2.2 Mass conservation equation. 
The mass conservation equation for it is given by: 
  𝐷
𝐷𝑡
∫ 𝜌𝑑𝑣 = 0
 
𝑣(𝑡)
 
(2-5 ) 
Applying the Reynolds Transport theorem: 
  𝜕
𝜕𝑡
∫ 𝜌𝑑𝑉
 
𝐶𝑉
+ ∫ 𝜌𝑣 ∙ ?⃗? 𝑑𝑆
 
𝐶𝑆
= 0 
(2-6 ) 
The first term of equation (2-6 ): 
  𝜕
𝜕𝑡
∫ 𝜌𝑑𝑉
 
𝐶𝑉
=
𝜕
𝜕𝑡
𝜌 
(2-7 ) 
 
For the volume of control that is presented in the Figure 2-5: 
 
Figure 2-5: Differential volume of dimensions 𝑑𝑥 𝑑𝑦 𝑑𝑥 with mass flow fluxes. 
We have: 
Pag. 8  Numerical resolution of heat and mass transfer phenomena 
 
 
 
  𝑑𝑉 = 𝑑𝑥 𝑑𝑦 𝑑𝑧 (2-8 ) 
As 
  ?̇? = 𝜌𝑣 𝑑𝑆 (2-9 ) 
We can integrate the second term of the equation (2-6 ): 
  
∫ 𝜌𝑣 ∙ ?⃗? 𝑑𝑆
 
𝐶𝑆
= −?̇?𝑥 + ?̇?𝑥+𝑑𝑥 − ?̇?𝑦 + ?̇?𝑦+𝑑𝑦 − ?̇?𝑧 + ?̇?𝑧+𝑑𝑧 
(2-10 ) 
Using the Taylor expansion in the 𝑥 direction: 
  
?̇?𝑥+𝑑𝑥̇ = ?̇?𝑥 +
𝜕?̇?𝑥
𝜕𝑥
𝑑𝑥 
(2-11 ) 
Take the equation (2-9 ): 
  ?̇?𝑥̇ = 𝜌𝑣𝑥  𝑑𝑦 𝑑𝑧 
 
(2-12 ) 
Taking the result show in (2-7 ) and the same relations analogously for 𝑦 and 𝑧 directions and 
dividing by 𝑑𝑥 𝑑𝑦 𝑑𝑧: 
  𝜕
𝜕𝑡
𝜌 +
𝜕(𝜌𝑣𝑥)
𝜕𝑥
+
𝜕(𝜌𝑣𝑦)
𝜕𝑦
+
𝜕(𝜌𝑣𝑧)
𝜕𝑧
= 0 
(2-13 ) 
In vector notation: 
  𝜕
𝜕𝑡
𝜌 + ∇ ∙ (𝜌𝑣 ) ∙= 0 
(2-14 ) 
Applying the derivative of the product to the second term of the equation (2-14 ): 
  𝜕
𝜕𝑡
𝜌 + 𝑣 ∙ ∇(𝜌) + 𝜌 ∙ ∇(𝑣 ) = 0 
(2-15 ) 
As the two first term of equation (2-15 ) is the total derivative of the density we can rewrite the 
equation (2-13 ): 
  𝐷𝜌
𝐷𝑡
+ 𝜌 ∙ ∇(𝑣 ) = 0 
(2-16 ) 
For incompressible fluids: 
  𝐷𝜌
𝐷𝑡
= 0 
(2-17 ) 
And: 
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  𝜌 ∙ ∇(𝑣 ) = 0 ↔  ∇ ∙ (𝑣 ) = 0 (2-18 ) 
We have the differential form of the mass conservation equation. 
  𝜕𝑣𝑥
𝜕𝑥
+
𝜕𝑣𝑦
𝜕𝑦
+
𝜕𝑣𝑧
𝜕𝑧
= 0 
(2-19 ) 
2.3 Linear momentum equation. 
The linear momentum equation for it is given by: 
  𝐷
𝐷𝑡
∫ 𝑣 𝜌𝑑𝑣 = 0
 
𝑣(𝑡)
 
(2-20 ) 
Applying the TTR and considering the surface and gravitational forces. 
  𝜕
𝜕𝑡
∫ 𝑣 𝜌𝑑𝑉
 
𝐶𝑉
+ ∫ 𝑣 𝜌𝑣 ∙ ?⃗? 𝑑𝑆
 
𝐶𝑆
= ∫ 𝑓𝑛𝑑𝑆
 
𝐶𝑆
+ ∫ 𝑔 𝜌𝑑𝑉
 
𝐶𝑉
 
(2-21 ) 
The first term for the equation (2-21 ): 
  𝜕
𝜕𝑡
∫ 𝑣 𝜌𝑑𝑉
 
𝐶𝑉
=
𝜕
𝜕𝑡
𝑣 𝜌 
(2-22 ) 
Then we development of the equation in the 𝑥 direction, according to the flows indicated in the 
Figure 2-6: 
 
Figure 2-6: Linear momentum flows in the x direction. 
Considering the equations (2-8 ) and (2-9 ) and using the Taylor expansion we can integrate the 
second term of the equation (2-21 ): 
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∫ 𝑣 𝜌𝑣 ∙ ?⃗? 𝑑𝑆
 
𝐶𝑆
=
𝜕(𝜌𝑣𝑥𝑣𝑥)
𝜕𝑥
𝑑𝑉 +
𝜕(𝜌𝑣𝑦𝑣𝑥)
𝜕𝑦
𝑑𝑉 +
𝜕(𝜌𝑣𝑧𝑣𝑥)
𝜕𝑧
𝑑𝑉 
(2-23 ) 
The surface forces considered in the analysis for the control volume are presented in Figure 2-7. 
 
Figure 2-7: Superficial forces. 
Take the results of (2-22 ) and making the balance of flows and forces and dividing by the volume 
differential, we have. 
𝜕(𝜌𝑣𝑥)
𝜕𝑡
+
𝜕(𝜌𝑣𝑥𝑣𝑥)
𝜕𝑥
+
𝜕(𝜌𝑣𝑦𝑣𝑥)
𝜕𝑦
+
𝜕(𝜌𝑣𝑧𝑣𝑥)
𝜕𝑧
= −
𝜕(𝑃𝑥)
𝜕𝑥
+
𝜕(𝜏𝑥𝑥)
𝜕𝑥
+
𝜕(𝜏𝑦𝑥)
𝜕𝑦
+
𝜕(𝜏𝑧𝑥)
𝜕𝑧
+ 𝜌𝑔𝑥 
(2-24 ) 
For the other directions: 
𝜕(𝜌𝑣𝑦)
𝜕𝑡
+
𝜕(𝜌𝑣𝑥𝑣𝑦)
𝜕𝑥
+
𝜕(𝜌𝑣𝑦𝑣𝑦)
𝜕𝑦
+
𝜕(𝜌𝑣𝑦𝑣𝑦)
𝜕𝑧
= −
𝜕(𝑃𝑦)
𝜕𝑦
+
𝜕(𝜏𝑥𝑦)
𝜕𝑥
+
𝜕(𝜏𝑦𝑦)
𝜕𝑦
+
𝜕(𝜏𝑧𝑦)
𝜕𝑧
+ 𝜌𝑔𝑦 
(2-25 ) 
𝜕(𝜌𝑣𝑧)
𝜕𝑡
+
𝜕(𝜌𝑣𝑥𝑣𝑧)
𝜕𝑥
+
𝜕(𝜌𝑣𝑦𝑣𝑧)
𝜕𝑦
+
𝜕(𝜌𝑣𝑦𝑣𝑧)
𝜕𝑧
= −
𝜕(𝑃𝑧)
𝜕𝑧
+
𝜕(𝜏𝑥𝑧)
𝜕𝑥
+
𝜕(𝜏𝑦𝑧)
𝜕𝑦
+
𝜕(𝜏𝑧𝑧)
𝜕𝑧
+ 𝜌𝑔𝑧 
(2-26 ) 
In vector notation: 
  𝜕(𝜌𝑣 )
𝜕𝑡
+ ∇ ∙ (𝜌𝑣 𝑣 ) = −∇𝑃 + ∇ ∙ 𝜏 +  𝜌𝑔  
(2-27 ) 
2.4 Kinetic energy equation. 
The kinetic energy equation is obtained multiplying by 𝑣  the equation (2-18 ): 
  
𝜌𝑣 
𝐷𝑣 
𝐷𝑡
= −𝑣 ∙ ∇𝑃 + 𝑣 ∙ ∇ ∙ 𝜏 +  𝜌𝑣 ∙ 𝑔  
(2-28 ) 
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Applying derivatives of product and considering that kinetic energy as 
?⃗? 2
2
: 
   
𝜌
𝐷𝐾𝑒
𝐷𝑡
= −∇ ∙ (𝑃𝑣 ) + 𝑃∇ ∙ 𝑣 + ∇ ∙ (𝑣 ∙ 𝜏 ) − 𝜏 : ∇𝑣 + 𝜌𝑣 𝑔  
(2-29 ) 
2.5 Total and thermal energy equations. 
The total and thermal energy equation is given by: 
   𝐷
𝐷𝑡
∫ 𝑒𝜌𝑑𝑉
 
𝑣(𝑡)
= 0 
(2-30 ) 
Applying the RTT, the first law of thermodynamics we have: 
   𝜕
𝜕𝑡
∫ 𝑒𝜌𝑑𝑉 +
 
𝐶𝑉
∫ 𝑒𝜌𝑣 ∙ ?⃗? 𝑑𝑆
 
𝐶𝑆
= −∫ 𝑞 ∙ ?⃗? 𝑑𝑆 +
 
𝐶𝑆
∫ 𝑣 ∙ 𝑓 𝑛𝑑𝑆 +
 
𝐶𝑆
∫ 𝑣 ∙ 𝑔 𝜌𝑑𝑆 +
 
𝐶𝑆
 
(2-31 ) 
Following the same procedures of the previous cases for the flows of heat and work, it is possible 
to demonstrate that the energy equation in vector notation is given by: 
   𝜕
𝜕𝑡
(𝜌𝑒) + ∇ ∙ (𝜌𝑣 𝑒) = −∇ ∙ 𝑞 − ∇ ∙ (𝑃𝑣 ) + ∇ ∙ (𝑣 ∙ 𝜏 ) + 𝜌𝑣 ∙ 𝑔  
(2-32 ) 
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3 Heat conduction: The two dimensional transient conduction 
problem. 
This section presents the development of an exercise named “A Two dimensional transient 
conduction problem”.  
3.1 Objectives. 
 Find the discretization equation for the problem. 
 Write a computer program to solve heat conduction equation. 
 Choose a suitable mesh and time step. 
3.2 Four materials problem. 
A very long rod is composed of four different materials (M1 to M4), represented with different 
colours in the Figure 3-1. All the lines are parallel to the coordinate axis. The coordinates of the 
points p1 to p3 are given in the Table 3-1. The physical properties are given to each of the four 
sides of the rod interacts with the surrounding in a different manner, as described in the table 3. 
[2].  
Figure 3-1: General schema of the problem 
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Table 3-1: Problem coordinates. 
Point 𝒙[𝒎] 𝒚[𝒎] 
𝑝1 0.50 0.40 
𝑝2 0.50 0.70 
𝑝3 1.10 0.80 
 
Table 3-2: Physical properties. 
𝑴𝒂𝒕𝒆𝒓𝒊𝒂𝒍 𝝆 [
𝒌𝒈
𝒎𝟑
] 𝒄𝒑 [
𝑱
𝒌𝒈𝑲
] 𝒌 [
𝑾
𝒎𝑲
] 
𝑀1 1500 750 170 
𝑀2 1600 770 140 
𝑀3 1900 810 200 
𝑀4 2500 930 140 
 
The boundary conditions of the problem is: 
 Bottom side Isotherm at 𝑇 = 23[°𝐶]. 
 Top side uniform 𝑄𝑡𝑜𝑝 = 60 [
𝑊
𝑚
] length 
 Left side in contact with a fluid at 𝑇𝑔 = 33[°𝐶] and heat transfer coefficient ℎ = 9 [
𝑊
𝑚2𝐾
]. 
 Right side uniform temperature  𝑇 = 8 + 0.005 𝑡 [°𝐶] (where 𝑡 is the time in seconds). 
3.3 Mesh of the solid. 
The type of mesh chosen is of the type faces centered as shown in Figure 3-2, for this mesh the 
following must be taken into consideration:  
 In some cases, two or more materials compose the control volume. 
 The temperatures of the nodes of bottom and right are known in all the problem, and take 
the value of the boundary condition. 
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Figure 3-2: Mesh of the material (the number of internal nodes is arbitrary). 
3.4 Discretization equation. 
The differential equation of heat transfer in two-dimensional conduction is given by: 
  
𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑥
(𝑘
𝜕𝑇
𝜕𝑥
) +
𝜕
𝜕𝑦
(𝑘
𝜕𝑇
𝜕𝑦
) + 𝑆 
(3-1 ) 
3.4.1 Internal nodes. 
A typically internal node is show in Figure 3-3. 
 
Figure 3-3: Control volume for an internal node. 
Integrating the equation (3-1 ) over the control volume shown above and over a time interval from 
𝑡 to 𝑡 + ∆𝑡 (source term 𝑆 = 0): 
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𝜌𝑐𝑝 ∫ ∫
𝜕𝑇
𝜕𝑡
𝑡+∆𝑡
𝑡
 
𝑐𝑣
𝑑𝑡 𝑑𝑣 = ∫ ∫
𝜕
𝜕𝑥
(𝑘
𝜕𝑇
𝜕𝑥
)  𝑑𝑥 𝑑𝑡
𝑊
𝐸
𝑡+∆𝑡
𝑡
+ ∫ ∫
𝜕
𝜕𝑦
(𝑘
𝜕𝑇
𝜕𝑦
)  𝑑𝑦 𝑑𝑡 + 𝑆
𝑁
𝑆
𝑡+∆𝑡
𝑡
 
(3-2 ) 
The first term, corresponding at the accumulative part of energy equation is:  
 
𝜌𝑐𝑝 ∫ ∫
𝜕𝑇
𝜕𝑡
𝑡+∆𝑡
𝑡
 
𝑐𝑣
𝑑𝑡 𝑑𝑣 ≡  𝜌𝑐𝑝(𝑇𝑃
1 − 𝑇𝑃
0)∆𝑥∆𝑦 
(3-3 ) 
The conductive term in the 𝑥 axis, can be approximated by: 
∫ ∫
𝜕
𝜕𝑥
(𝑘
𝜕𝑇
𝜕𝑥
)  𝑑𝑥𝑑𝑡
𝑊
𝐸
𝑡+∆𝑡
𝑡
≡ ∫ [
𝑘𝐸(𝑇𝐸 − 𝑇𝑃)
𝛿𝑃𝐸
−
𝑘𝑊(𝑇𝑃 − 𝑇𝑊)
𝛿𝑃𝑊
] ∆𝑦𝑑𝑡
𝑡+∆𝑡
𝑡
 
 
 
≡  𝑓 [
𝑘𝐸(𝑇𝐸
1 − 𝑇𝑃
1)
𝛿𝑃𝐸
−
𝑘𝑊(𝑇𝑃
1 − 𝑇𝑊
1 )
𝛿𝑃𝑊
] ∆𝑦∆𝑡 − (1 − 𝑓) [
𝑘𝐸(𝑇𝐸
0 − 𝑇𝑃
0)
𝛿𝑃𝐸
−
𝑘𝑊(𝑇𝑃
0 − 𝑇𝑊
0 )
𝛿𝑃𝑊
] ∆𝑦∆𝑡 
(3-4 ) 
 
Similarly,  in the 𝑦 axis: 
∫ ∫
𝜕
𝜕𝑦
(𝑘
𝜕𝑇
𝜕𝑦
)  𝑑𝑦 𝑑𝑡
𝑁
𝑆
𝑡+∆𝑡
𝑡
≡ ∫ [
𝑘𝑆(𝑇𝑆 − 𝑇𝑃)
𝛿𝑃𝑆
−
𝑘𝑁(𝑇𝑃 − 𝑇𝑁)
𝛿𝑃𝑁
] ∆𝑥𝑑𝑡
𝑡+∆𝑡
𝑡
 
 
 
≡  𝑓 [
𝑘𝑆(𝑇𝑆
1 − 𝑇𝑃
1)
𝛿𝑃𝑆
−
𝑘𝑁(𝑇𝑃
1 − 𝑇𝑁
1)
𝛿𝑃𝑁
] ∆𝑥∆𝑡 − (1 − 𝑓) [
𝑘𝑆(𝑇𝑆
0 − 𝑇𝑃
0)
𝛿𝑃𝑆
−
𝑘𝑁(𝑇𝑃
0 − 𝑇𝑁
0)
𝛿𝑃𝑁
] ∆𝑥∆𝑡 
(3-5 ) 
If 𝑓 = 1 (implicit scheme) and regrouping, the discretization equation for internal nodes is given 
by: 
 𝜌𝑐𝑝
∆𝑡
(𝑇𝑃 − 𝑇𝑃
0)∆𝑥∆𝑦 = [
𝑘𝐸(𝑇𝐸 − 𝑇𝑃)𝑑𝑦
𝛿𝑃𝐸
−
𝑘𝑊(𝑇𝑃 − 𝑇𝑊)
𝛿𝑃𝑊
] ∆𝑦 + [
𝑘𝑆
 (𝑇𝑆 − 𝑇𝑃)
𝛿𝑃𝑆
−
𝑘𝑁(𝑇𝑃 − 𝑇𝑁)
𝛿𝑃𝑁
] ∆𝑥 
(3-6 ) 
 
Developing the expression 
𝜌𝑐𝑝
∆𝑡
∆𝑥∆𝑦𝑇𝑃 −
𝜌𝑐𝑝
∆𝑡
∆𝑥∆𝑦𝑇𝑃
0 = 
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𝑘𝐸
𝛿𝑃𝐸
∆𝑦𝑇𝐸 −
𝑘𝐸
𝛿𝑃𝐸
∆𝑦𝑇𝑃 −
𝑘𝑊
𝛿𝑃𝑊
∆𝑦𝑇𝑃 +
𝑘𝑊
𝛿𝑃𝑊
∆𝑦𝑇𝑊 +
𝑘𝑆
𝛿𝑃𝑆
∆𝑥𝑇𝑆 −
𝑘𝑆
𝛿𝑃𝑆
∆𝑥𝑇𝑃 −
𝑘𝑁
𝛿𝑃𝑁
∆𝑥𝑇𝑃 +
𝑘𝑁
𝛿𝑃𝑁
∆𝑥𝑇𝑁 
 
(
𝜌𝑐𝑝
∆𝑡
∆𝑥∆𝑦 +
𝑘𝑁
𝛿𝑃𝑁
∆𝑦 +
𝑘𝑆
𝛿𝑃𝑆
∆𝑦 +
𝑘𝐸
𝛿𝑃𝐸
∆𝑥 +
𝑘𝑊
𝛿𝑃𝑊
∆𝑥)𝑇𝑃 = 
𝑘𝑁
𝛿𝑃𝑁
∆𝑥𝑇𝑁 +
𝑘𝑆
𝛿𝑃𝑆
∆𝑥𝑇𝑆 +
𝑘𝐸
𝛿𝑃𝐸
∆𝑦𝑇𝐸 + ∆𝑦
𝑘𝑊
𝛿𝑃𝑊
𝑇𝑊 +
𝜌𝑐𝑝
∆𝑡
∆𝑥∆𝑦𝑇𝑃
0 
 
The equation of discretization is: 
𝑎𝑃𝑇𝑃 = 𝑎𝑁𝑇𝑁 + 𝑎𝑆𝑇𝑆 + 𝑎𝐸𝑇𝐸 + 𝑎𝑊𝑇𝑊 + 𝑏𝑝 
 
(3-7 ) 
With: 
𝑎𝑁 =
𝑘𝑁
𝛿𝑃𝑁
∆𝑥 
 
(3-8 ) 
𝑎𝑆 =
𝑘𝑆
𝛿𝑃𝑆
∆𝑥 
 
(3-9 ) 
𝑎𝐸 =
𝑘𝐸
𝛿𝑃𝐸
∆𝑦 
 
(3-10 ) 
𝑎𝑊 =
𝑘𝑊
𝛿𝑃𝑊
∆𝑦 
 
(3-11 ) 
𝑎0 =
𝜌𝑐𝑝
∆𝑡
∆𝑥∆𝑦 
 
(3-12 ) 
𝑎𝑃 = 𝑎𝑁 + 𝑎𝑆 + 𝑎𝐸 + 𝑎𝑊 
 
(3-13 ) 
𝑏𝑃 = 𝑎0𝑇𝑃
0 
 
(3-14 ) 
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3.4.2 Left nodes. 
A typically left node is show in Figure 3-4. 
 
Figure 3-4: Left node. 
Integrating the equation (3-1 ) over the control volume shown above and over a time interval from 
𝑡 to 𝑡 + ∆𝑡 (the convection flow is considerate in the source term 𝑆 = ?̇?𝐶𝑂𝑁𝑉): 
𝜌𝑐𝑝 ∫ ∫
𝜕𝑇
𝜕𝑡
𝑡+∆𝑡
𝑡
 
𝑐𝑣
𝑑𝑡 𝑑𝑣 = ∫ ∫
𝜕
𝜕𝑥
(𝑘
𝜕𝑇
𝜕𝑥
)  𝑑𝑥 𝑑𝑡
𝑊
𝐸
𝑡+∆𝑡
𝑡
+ ∫ ∫
𝜕
𝜕𝑦
(𝑘
𝜕𝑇
𝜕𝑦
)  𝑑𝑦 𝑑𝑡
𝑁
𝑆
𝑡+∆𝑡
𝑡
+ ∫ ∫ ?̇?𝐶𝑂𝑁𝑉𝑑𝑡
 
𝑠𝑐
𝑡+∆𝑡
𝑡
 
(3-15 ) 
In this case, the new term is the last at the right and represent the convection flux of the boundary 
condition of the problem for this side, the approximation of the integral of the term: 
∫ ∫ ?̇?𝐶𝑂𝑁𝑉𝑑𝑡
 
𝑠𝑐
𝑡+∆𝑡
𝑡
= 𝑓[ℎ(𝑇𝐺 − 𝑇𝑃
𝐼)∆𝑦∆𝑡] − (1 −  𝑓)[ℎ(𝑇𝐺 − 𝑇𝑃
𝐼)∆𝑦∆𝑡] 
 
(3-16 ) 
If 𝑓 = 1 (implicit scheme) and regrouping, the discretization equation for left nodes is given by: 
 𝜌𝑐𝑝
∆𝑡
(𝑇𝑃 − 𝑇𝑃
0)∆𝑥∆𝑦 = [
𝑘𝐸(𝑇𝐸−𝑇𝑃)𝑑𝑦
𝛿𝑃𝐸
−
𝑘𝑊(𝑇𝑃−𝑇𝑊)
𝛿𝑃𝑊
] ∆𝑦 + [
𝑘𝑆
1(𝑇𝑆−𝑇𝑃)
𝛿𝑃𝑆
−
𝑘𝑁(𝑇𝑃−𝑇𝑁)
𝛿𝑃𝑁
] ∆𝑥+ ℎ(𝑇𝐺 − 𝑇𝑃)∆𝑦∆𝑡 
(3-17 ) 
 
Considering that 𝑇𝑊 = 0 , the equation of discretization is: 
𝑎𝑃𝑇𝑃 = 𝑎𝑁𝑇𝑁 + 𝑎𝑆𝑇𝑆 + 𝑎𝐸𝑇𝐸 + 𝑎𝑊𝑇𝑊 + 𝑏𝑝 
 
(3-18 ) 
 
 
With: 
𝑎𝑁 =
𝑘𝑁
𝛿𝑃𝑁
∆𝑥 
(3-19 ) 
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𝑎𝑆 =
𝑘𝑆
𝛿𝑃𝑆
∆𝑥 
 
(3-20 ) 
𝑎𝐸 =
𝑘𝐸
𝛿𝑃𝐸
∆𝑦 
 
(3-21 ) 
𝑎𝑊 = 0 
 
(3-22 ) 
𝑎0 =
𝜌𝑐𝑝
∆𝑡
∆𝑥∆𝑦 
 
(3-23 ) 
𝑎𝑃 = 𝑎𝑁 + 𝑎𝑆 + 𝑎𝐸 + 𝑎𝑊 + ℎ ∆𝑦 
 
(3-24 ) 
𝑏𝑃 = 𝑎0𝑇𝑃
0 + ℎ 𝑇𝐺 ∆𝑦 
 
(3-25 ) 
3.4.3 Top nodes. 
A typically left node is show in Figure 3-5. 
 
Figure 3-5: top node. 
Integrating the equation (3-1 ) over the control volume shown above and over a time interval from 
𝑡 to 𝑡 + ∆𝑡 (the top heat flow is considered in the source term 𝑆 = ?̇?𝑇𝑂𝑃): 
𝜌𝑐𝑝 ∫ ∫
𝜕𝑇
𝜕𝑡
𝑡+∆𝑡
𝑡
 
𝑐𝑣
𝑑𝑡 𝑑𝑣 = ∫ ∫
𝜕
𝜕𝑥
(𝑘
𝜕𝑇
𝜕𝑥
)  𝑑𝑥 𝑑𝑡
𝑊
𝐸
𝑡+∆𝑡
𝑡
+ ∫ ∫
𝜕
𝜕𝑦
(𝑘
𝜕𝑇
𝜕𝑦
)  𝑑𝑦 𝑑𝑡
𝑁
𝑆
𝑡+∆𝑡
𝑡
+ ∫ ∫ ?̇?𝑇𝑂𝑃𝑑𝑡
 
𝑠𝑐
𝑡+∆𝑡
𝑡
 
(3-26 ) 
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In this case, the new term is the last at the right and represent the convection flux of the boundary 
condition of the problem for this side, the approximation of the integral of the term: 
∫ ∫ ?̇?𝑇𝑂𝑃 𝑑𝑡
 
𝑠𝑐
𝑡+∆𝑡
𝑡
≡ 𝑄𝑇𝑂𝑃 ∆𝑥 ∆𝑡 
 
(3-27 ) 
If 𝑓 = 1 (implicit scheme) and regrouping, the discretization equation for left nodes is given by: 
 𝜌𝑐𝑝
∆𝑡
(𝑇𝑃 − 𝑇𝑃
0)∆𝑥∆𝑦 = [
𝑘𝐸(𝑇𝐸−𝑇𝑃)𝑑𝑦
𝛿𝑃𝐸
−
𝑘𝑊(𝑇𝑃−𝑇𝑊)
𝛿𝑃𝑊
] ∆𝑦 + [
𝑘𝑆(𝑇𝑆−𝑇𝑃)
𝛿𝑃𝑆
−
𝑘𝑁(𝑇𝑃−𝑇𝑁)
𝛿𝑃𝑁
] ∆𝑥+ 𝑄𝑇𝑂𝑃 ∆𝑥 ∆𝑡 
(3-28 ) 
 
Considering that 𝑇𝑁 = 0 , the equation of discretization is: 
𝑎𝑃𝑇𝑃 = 𝑎𝑁𝑇𝑁 + 𝑎𝑆𝑇𝑆 + 𝑎𝐸𝑇𝐸 + 𝑎𝑊𝑇𝑊 + 𝑏𝑝 
 
(3-29 ) 
 
 
With: 
𝑎𝑁 = 0 
 
(3-30 ) 
𝑎𝑆 =
𝑘𝑆
𝛿𝑃𝑆
∆𝑥 
 
(3-31 ) 
𝑎𝐸 =
𝑘𝐸
𝛿𝑃𝐸
∆𝑦 
 
(3-32 ) 
𝑎𝑊 =
𝑘𝑊
𝛿𝑃𝑊
∆𝑦 
 
(3-33 ) 
𝑎0 =
𝜌𝑐𝑝
∆𝑡
∆𝑥∆𝑦 
 
(3-34 ) 
𝑎𝑃 = 𝑎𝑁 + 𝑎𝑆 + 𝑎𝐸 + 𝑎𝑊 
 
(3-35 ) 
𝑏𝑃 = 𝑄𝑇𝑂𝑃 ∆𝑥 + 𝑎0𝑇𝑃
0  
 
(3-36 ) 
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3.4.4 Nodes in control volumes with two or more materials. 
In Figure 3-6 a node is shown in control volume with three materials. 
 
Figure 3-6: Node in control volume with three materials. 
 
Take the first term of the equation the equation (3-1 ) and Integrating over the control volume 
shown above and over a time interval from 𝑡 to 𝑡 + ∆𝑡, consideration three different values of 
𝜌 and 𝑐𝑝 
 
∫ ∫ 𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡
𝑡+∆𝑡
𝑡
 
𝑐𝑣
𝑑𝑡 𝑑𝑣 = 
 
∫ ∫ 𝜌𝑀1𝑐𝑝
𝑀1
𝜕𝑇
𝜕𝑡
𝑡+∆𝑡
𝑡
 
𝑐𝑣𝑀1
𝑑𝑡 𝑑𝑣𝑀1 + ∫ ∫ 𝜌
𝑀2𝑐𝑝
𝑀2
𝜕𝑇
𝜕𝑡
𝑡+∆𝑡
𝑡
 
𝑐𝑣𝑀2
𝑑𝑡 𝑑𝑣𝑀2
+ ∫ ∫ 𝜌𝑀3𝑐𝑝
𝑀3
𝜕𝑇
𝜕𝑡
𝑡+∆𝑡
𝑡
 
𝑐𝑣𝑀3
𝑑𝑡 𝑑𝑣𝑀3 
 
 
In the specific case indicated in the Figure 3-6, for the material 1, the integral can be approximated 
by the next expression: 
∫ ∫ 𝜌𝑀1𝑐𝑝
𝑀1
𝜕𝑇
𝜕𝑡
𝑡+∆𝑡
𝑡
 
𝑐𝑣𝑀1
𝑑𝑡 𝑑𝑣𝑀1 ≡ 𝜌
𝑀1𝑐𝑝
𝑀1(𝑇𝑃
1 − 𝑇𝑃
0)
∆𝑥
2
∆𝑦
2
 
 
(3-37 ) 
Similarly for the material 2: 
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∫ ∫ 𝜌𝑀2𝑐𝑝
𝑀2
𝜕𝑇
𝜕𝑡
𝑡+∆𝑡
𝑡
 
𝑐𝑣𝑀2
𝑑𝑡 𝑑𝑣𝑀2 ≡ 𝜌
𝑀2𝑐𝑝
𝑀2(𝑇𝑃
1 − 𝑇𝑃
0)
∆𝑥
2
∆𝑦 
 
(3-38 ) 
 
In addition, for the material 3: 
∫ ∫ 𝜌𝑀3𝑐𝑝
𝑀3
𝜕𝑇
𝜕𝑡
𝑡+∆𝑡
𝑡
 
𝑐𝑣𝑀3
𝑑𝑡 𝑑𝑣𝑀3 ≡ 𝜌
𝑀3𝑐𝑝
𝑀3(𝑇𝑃
1 − 𝑇𝑃
0)∆𝑥
∆𝑦
2
 
 
(3-39 ) 
Taking the results obtained previously, the equation of discretization is: 
𝑎𝑃𝑇𝑃 = 𝑎𝑁𝑇𝑁 + 𝑎𝑆𝑇𝑆 + 𝑎𝐸𝑇𝐸 + 𝑎𝑊𝑇𝑊 + 𝑏𝑝 
 
(3-40 ) 
 
 
With: 
𝑎𝑁 =
𝑘𝑁
𝛿𝑃𝑁
∆𝑥 
 
(3-41 ) 
𝑎𝑆 =
𝑘𝑆
𝛿𝑃𝑆
∆𝑥 
 
(3-42 ) 
𝑎𝐸 =
𝑘𝐸
𝛿𝑃𝐸
∆𝑦 
 
(3-43 ) 
𝑎𝑊 =
𝑘𝑊
𝛿𝑃𝑊
∆𝑦 
 
(3-44 ) 
𝑎0 = 𝜌
𝑀1𝑐𝑝
𝑀1
∆𝑥
2
∆𝑦
2
+ 𝜌𝑀2𝑐𝑝
𝑀2
∆𝑥
2
∆𝑦 + 𝜌𝑀3𝑐𝑝
𝑀3∆𝑥
∆𝑦
2
 
 
(3-45 ) 
𝑎𝑃 = 𝑎𝑁 + 𝑎𝑆 + 𝑎𝐸 + 𝑎𝑊 
 
(3-46 ) 
𝑏𝑃 = 𝑎0𝑇𝑃
0  
 
(3-47 ) 
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In this case the thermal conductivity for the nodes north, south and west is not defined, because 
the nodes are situated between two materials, as an approximation will be used the harmonic 
mean definite as: 
𝑘𝑁 =
2𝑘𝑀2𝑘𝑀3
𝑘𝑀2 + 𝑘𝑀3
 
 
(3-48 ) 
𝑘𝑆 =
2𝑘𝑀1𝑘𝑀2
𝑘𝑀1 + 𝑘𝑀2
 
 
(3-49 ) 
𝑘𝑊 =
2𝑘𝑀1𝑘𝑀3
𝑘𝑀1 + 𝑘𝑀3
 
 
(3-50 ) 
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3.5 Algorithm proposal. 
The algorithm proposal for the resolution for this problem is a Gauss Seidel, point by point, as 
shown below (Figure 3-7). 
 
Figure 3-7: Gauss Seidel point by point algorithm. 
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3.6 Parameters of the simulation. 
The simulation was developed in a conventional computer, with the following main characteristics 
(Table 3-3). 
Table 3-3: Characteristics of the simulation. 
Description Characteristic 
Type of code C,C++ 
Ambient Linux 
Post Processing. GNUplot 
 
The numerical parameters of the simulation is show in Table 3-4. 
Table 3-4: Parameters of the simulation. 
Parameter Value Unit 
Type of discretization Faces centered - 
Mesh 110𝑥80 [Control volumes] 
Initial time 0,0 [s] 
Intermedia time 5,000 [S] 
Final time 10,000 [s] 
Precision 10𝑥10−3 [°C] 
Maximum number of iterations 10𝑥105 [Iterations] 
Time step 0,005 [s] 
Solver Gauss Seidel - 
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3.7 Results. 
The results obtained with the code proposal are shown in Figure 3-8 for time 𝑡 = 5,000[𝑠] and in 
Figure 3-10, for time 𝑡 = 10,000[𝑠]. 
 
Figure 3-8: Temperatures field for t=5,000 [s]. 
For check the results obtained by the developed code is possible check with the plot obtained by 
the CTTC (Figure 3-9). 
 
Figure 3-9: Temperatures field for t=5,000 [s] (CTTC results). 
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The Figure 3-10 shows the temperature evolution for two points, one for the material 2 (point 
[0.65,0.56] and other for the material 4  (point [0.74,0.72]), the effect of the density and the 
specific heat in the accumulation of energy is displayed in this curve. 
 
Figure 3-10: Temperature evolution at two indicated points, for t=5,000 [s]. 
Also, are presented the final result for the final temperature field at time 𝑡 = 10,000[𝑠]. 
 
Figure 3-11: Temperatures field for t=10,000 [s]  
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Similarly,  Figure 3-12 shows the temperature evolution for two points. 
 
Figure 3-12: Temperature evolution at two indicated points, for t=10,000 [s]. 
 
3.8 Potential improvements. 
The code proposal in this document could be improved with the incorporation of: 
 Relaxing facts in the Gauss Seidel point by point method. 
 Solver with TDMA Line by line method. 
 More detailed settings. 
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4 Convection and diffusion equation. 
In this section, the development of exercise named “A Two-dimensional Steady Convection-
Diffusion Equation: the Smith-Hutton problem” [3] is presented.  
4.1 Section objectives. 
 Find the discretization equation for the problem. 
 Write a computer program to solve heat conduction equation. 
 Choose a suitable mesh and time step. 
 Check the obtained result with the CTTC data. 
4.2 Smith-Hutton problem. 
A sinusoidal flow, transports the “∅” property (as temperature), from the inlet and boundary 
conditions for the entire domain.  
The velocity field (Figure 4-1) is given by: 
 𝑢(𝑥, 𝑦) = 2𝑦(1 − 𝑥2) (4-1 )   
 𝑣(𝑥, 𝑦) = −2𝑥(1 − 𝑦2) (4-2 )   
 
Figure 4-1: Velocity field. 
The streamlines obtained from the point (𝑥, 𝑦) to (∆𝑥, ∆𝑦), as show in the Figure 3-1.  
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Figure 4-2: Streamlines. 
The boundary conditions of the problem is: 
 ∅ = 1 + tanh(𝛼(2𝑥 + 1))   𝑓𝑜𝑟 𝑦 = 0 𝑎𝑛𝑑 𝑥 ∈  (−1,0]  (4-3 )   
 𝜕∅
𝜕𝑦
= 0 
  𝑓𝑜𝑟 𝑦 = 0 𝑎𝑛𝑑 𝑥 ∈  (0,1)  (4-4 )   
 ∅ = 1 − tanh(𝛼) (𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒)  (4-5 )   
Where 𝛼 = 10. 
4.3 Mesh of the domain. 
The type of mesh chosen is the type faces centered as show in Figure 4-3: 
 
Figure 4-3: Mesh of the material (the number of internal nodes is arbitrary). 
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4.4 Implicit discretization equation. 
Below the derivation for the implicit discretization equation is shown. The general convection 
diffusion equation is: 
 𝜕(𝜌𝜙)
𝜕𝑡
+ ∇ ∙ (𝜌 𝑣 𝜙) = ∇ ∙ (Γ∇𝜙) + 𝑆 
(4-6 ) 
 
4.4.1 Accumulative term. 
Taking a differential control volume with dimensions ∆𝑥 and ∆𝑦 (Figure 4-4). 
 
Figure 4-4: Control volume. 
Assuming incompressible flow (𝜌 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) 
𝜕(𝜌𝜙)
𝜕𝑡
≡ 𝜌
ϕ𝑃 − ϕ𝑃
0
Δ𝑡
∆𝑥∆𝑦 
(4-7 ) 
 
4.4.2 Convective flux 
The convective fluxes as show in: 
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Figure 4-5: Convective fluxes. 
Where ?⃗?  is a component of velocity in 𝑥 and 𝑣  is a component of velocity in 𝑦:    
 ∇ ∙ (𝜌 𝑣 𝜙) ≡ −(𝜌 𝑣 𝜙)𝑠∆𝑥 + (𝜌 𝑣 𝜙)𝑛∆𝑥 − (𝜌 ?⃗? 𝜙)𝑤∆𝑥 + (𝜌 ?⃗? 𝜙)𝑒∆𝑥 (4-8 ) 
For convenience, we define the mass flow rates F as: 
𝐹𝑁 = 𝜌𝑣𝑛∆𝑥 (4-9 ) 
𝐹𝑆 = 𝜌𝑣𝑠∆𝑥 (4-10 ) 
𝐹𝐸 = 𝜌𝑢𝑒∆𝑦 (4-11 ) 
𝐹𝑊 = 𝜌𝑢𝑤∆𝑥 (4-12 ) 
Rewriting the equation (4-8 ): 
∇ ∙ (𝜌 𝑣 𝜙) ≡ 𝐹𝑁𝜙𝑛 − 𝐹𝑆𝜙𝑠 + 𝐹𝐸𝜙𝑒 − 𝐹𝑊𝜙𝑤 (4-13 ) 
4.4.3 Diffusion flux. 
The diffusion fluxes as show in Figure 3-4. 
 
Figure 4-6: Diffusion fluxes. 
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Make flows balance around the control volume: 
∇ ∙ (Γ∇𝜙) ≡
Γ𝑁
𝛿𝑃−𝑆
(𝜙𝑁 − 𝜙𝑃)∆𝑥 −
Γ𝑆
𝛿𝑁−𝑃
(𝜙𝑃 − 𝜙𝑆)∆𝑥 +
Γ𝐸
𝛿𝑃−𝐸
(𝜙𝐸 − 𝜙𝑃)∆𝑦 −
Γ𝑊
𝛿𝑊−𝑃
(𝜙𝑃 − 𝜙𝑊)∆𝑦 
(4-14 ) 
 
For convenience, we define the D as: 
𝐷𝑁 =
Γ𝑁
𝛿𝑃−𝑆
∆𝑥 
(4-15 ) 
𝐷𝑆 =
Γ𝑆
𝛿𝑁−𝑃
∆𝑥 
(4-16 ) 
𝐷𝐸 =
Γ𝐸
𝛿𝐸−𝑃
∆𝑦 
(4-17 ) 
𝐷𝑊 =
Γ𝑊
𝛿𝑃−𝑊
∆𝑦 
(4-18 ) 
Rewriting the equation (4-14 ): 
∇ ∙ (Γ∇𝜙) ≡ 𝐷𝑁𝜙𝑁 − 𝐷𝑁𝜙𝑃 − 𝐷𝑆𝜙𝑃 + 𝐷𝑆𝜙𝑆 + 𝐷𝐸𝜙𝐸 − 𝐷𝐸𝜙𝑃 − 𝐷𝑊𝜙𝑃 + 𝐷𝑊𝜙𝑊 (4-19 ) 
4.4.4 Péclet number. 
The Péclet number is a dimensionless number as defined by: 
𝑃𝑁 =
F𝑁
𝐷𝑁
 
(4-20 ) 
𝑃𝑆 =
F𝑆
𝐷𝑆
 
(4-21 ) 
𝑃𝐸 =
F𝐸
𝐷𝐸
 
(4-22 ) 
𝑃𝑊 =
F𝑊
𝐷𝑊
 
(4-23 ) 
4.4.5 Schemes. 
To fully define the discretization equation, it is necessary to define the value of the property 𝜙 at 
the interface that appears in the equation (4-13 ). 
The main schemes are presented below. 
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4.4.5.1 Central difference scheme (CDS). 
This scheme uses the value of the arithmetic mean to interpolate the value of the property 𝜙 in 
the faces 
𝜙𝑛 =
(𝜙𝑃 + 𝜙𝑁)
2
 
(4-24 ) 
𝜙𝑠 =
(𝜙𝑃 + 𝜙𝑆)
2
 
(4-25 ) 
𝜙𝑒 =
(𝜙𝑃 + 𝜙𝐸)
2
 
(4-26 ) 
𝜙𝑤 =
(𝜙𝑃 + 𝜙𝑊)
2
 
(4-27 ) 
Taken the results prevoulsy obtained  and replacing in (4-13 ): 
∇(𝜌 𝑣 𝜙) ≡ 𝐹𝑁
(𝜙𝑃 + 𝜙𝑁)
2
− 𝐹𝑆
(𝜙𝑃 + 𝜙𝑆)
2
+ 𝐹𝐸
(𝜙𝑃 + 𝜙𝑆)
2
− 𝐹𝑊
(𝜙𝑃 + 𝜙𝑆)
2
 
(4-28 ) 
The equation of discretization of the form: 
𝑎𝑃𝜙𝑃 = 𝑎𝑁𝜙𝑁 + 𝑎𝑆𝜙𝑆 + 𝑎𝐸𝜙𝐸 + 𝑎𝑊𝜙𝑊 + 𝑎0𝜙𝑃
0 + 𝑏𝑝 
 
(4-29 ) 
It is given by (4-29 ), with: 
𝑎𝑁 = 𝐷𝑁 −
𝐹𝑁
2
 
 
(4-30 ) 
𝑎𝑆 = 𝐷𝑆 +
𝐹𝑆
2
 
 
(4-31 ) 
𝑎𝐸 = 𝐷𝐸 −
𝐹𝐸
2
 
 
(4-32 ) 
𝑎𝑊 = 𝐷𝑊 +
𝐹𝑊
2
 
 
(4-33 ) 
𝑎0 =
𝜌
∆𝑡
∆𝑥∆𝑦 
 
(4-34 ) 
𝑎𝑃 = 𝑎𝑁 + 𝑎𝑆 + 𝑎𝐸 + 𝑎𝑊 + 𝑎0 + 𝐹𝑁 − 𝐹𝑆 + 𝐹𝐸 − 𝐹𝑊 (4-35 ) 
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𝑏𝑃 = 0 (4-36 ) 
4.4.5.2 Upwind scheme (UDS). 
This scheme uses the value of the property 𝜙 at the grid point on the upwind side of the face. 
𝜙𝑛 = 𝜙𝑃 𝐹𝑁 > 0 (4-37 ) 
And; 
𝜙𝑛 = 𝜙𝑁 𝐹𝑁 < 0 (4-38 ) 
To 𝜙𝑠, 𝜙𝑒 y 𝜙𝑤 is defined analogously, so, the equation of discretization of the form: 
𝑎𝑃𝜙𝑃 = 𝑎𝑁𝜙𝑁 + 𝑎𝑆𝜙𝑆 + 𝑎𝐸𝜙𝐸 + 𝑎𝑊𝜙𝑊 + 𝑏𝑝 
 
(4-39 ) 
We can define this as: 
𝑎𝑁 = 𝐷𝑁 + max (−𝐹𝑁, 0) 
 
(4-40 ) 
𝑎𝑆 = 𝐷𝑆 + max (𝐹𝑆, 0) 
 
(4-41 ) 
𝑎𝐸 = 𝐷𝐸 + max (−𝐹𝐸 , 0) 
 
(4-42 ) 
𝑎𝑊 = 𝐷𝑊 + max (𝐹𝑊, 0) 
 
(4-43 ) 
𝑎0 =
𝜌
∆𝑡
∆𝑥∆𝑦 
 
(4-44 ) 
𝑎𝑃 = 𝑎𝑁 + 𝑎𝑆 + 𝑎𝐸 + 𝑎𝑊 + 𝑎0 + 𝐹𝑁 − 𝐹𝑆 + 𝐹𝐸 − 𝐹𝑊 
 
(4-45 ) 
𝑏𝑃 = 𝑎0𝜙𝑃
0 
 
(4-46 ) 
For the following schemes only discretization equation is presented, for more details about its 
derivation [4] or [5] can be consulted. 
4.4.5.3 Hybrid scheme (HDS). 
For this scheme, the equation of discretization of the form: 
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𝑎𝑃𝜙𝑃 = 𝑎𝑁𝜙𝑁 + 𝑎𝑆𝜙𝑆 + 𝑎𝐸𝜙𝐸 + 𝑎𝑊𝜙𝑊 + 𝑎0𝜙𝑃
0 + 𝑏𝑝 
 
(4-47 ) 
Is given by: 
𝑎𝑁 = max (−𝐹𝑁, 𝐷𝑁 −
𝐹𝑁
2
, 0) 
 
(4-48 ) 
𝑎𝑆 = max (𝐹𝑆 , 𝐷𝑆 +
𝐹𝑆
2
, 0) 
 
(4-49 ) 
𝑎𝐸 = max (−𝐹𝐸 , 𝐷𝐸 −
𝐹𝐸
2
, 0) 
 
(4-50 ) 
𝑎𝑊 = max (𝐹𝑤 , 𝐷𝑤 +
𝐹𝑤
2
, 0) 
 
(4-51 ) 
𝑎0 =
𝜌
∆𝑡
∆𝑥∆𝑦 
 
(4-52 ) 
𝑎𝑃 = 𝑎𝑁 + 𝑎𝑆 + 𝑎𝐸 + 𝑎𝑊 + 𝑎0 + 𝐹𝑁 − 𝐹𝑆 + 𝐹𝐸 − 𝐹𝑊 
 
(4-53 ) 
𝑏𝑃 = 0 
 
(4-54 ) 
4.4.5.4 Power law scheme (EDS). 
For this scheme, the equation of discretization of the form: 
𝑎𝑃𝜙𝑃 = 𝑎𝑁𝜙𝑁 + 𝑎𝑆𝜙𝑆 + 𝑎𝐸𝜙𝐸 + 𝑎𝑊𝜙𝑊 + 𝑎0𝜙𝑃
0 + 𝑏𝑝 
 
(4-55 ) 
Is given by: 
𝑎𝑁 = 𝐷𝑁 max(0, (1 −
0.1|𝐹𝑁|
𝐷𝑁
)
5
) + max(0,−𝐹𝑁) 
 
(4-56 ) 
𝑎𝑆 = 𝐷𝑆 max(0, (1 −
0.1|𝐹𝑆|
𝐷𝑆
)
5
) + max(0, 𝐹𝑆) 
 
(4-57 ) 
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𝑎𝐸 = 𝐷𝐸 max(0, (1 −
0.1|𝐹𝐸|
𝐷𝐸
)
5
) + max(0,−𝐹𝐸) 
 
(4-58 ) 
𝑎𝑊 = 𝐷𝑊 max(0, (1 −
0.1|𝐹𝑊|
𝐷𝑊
)
5
) + max(0, 𝐹𝑊) 
 
 
(4-59 ) 
𝑎0 =
𝜌
∆𝑡
∆𝑥∆𝑦 
 
(4-60 ) 
𝑎𝑃 = 𝑎𝑁 + 𝑎𝑆 + 𝑎𝐸 + 𝑎𝑊 + 𝑎0 + 𝐹𝑁 − 𝐹𝑆 + 𝐹𝐸 − 𝐹𝑊 
 
(4-61 ) 
𝑏𝑃 = 0 
 
(4-62 ) 
4.4.5.5 Exponential scheme (EDS). 
For this scheme, the equation of discretization of the form: 
𝑎𝑃𝜙𝑃 = 𝑎𝑁𝜙𝑁 + 𝑎𝑆𝜙𝑆 + 𝑎𝐸𝜙𝐸 + 𝑎𝑊𝜙𝑊 + 𝑎0𝜙𝑃
0 + 𝑏𝑝 
 
(4-63 ) 
Is given by: 
𝑎𝑁 =
𝐹𝑁
𝑒
𝐹𝑁
𝐷𝑁 − 1
 
 
(4-64 ) 
𝑎𝑆 =
𝐹𝑆𝑒
𝐹𝑆
𝐷𝑆
𝑒
𝐹𝑆
𝐷𝑆 − 1
 
 
(4-65 ) 
𝑎𝐸 =
𝐹𝐸
𝑒
𝐹𝐸
𝐷𝐸 − 1
 
 
(4-66 ) 
𝑎𝑊 =
𝐹𝑤𝑒
𝐹𝑊
𝐷𝑊
𝑒
𝐹𝑤
𝐷𝑊 − 1
 
(4-67 ) 
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𝑎0 =
𝜌
∆𝑡
∆𝑥∆𝑦 
 
(4-68 ) 
𝑎𝑃 = 𝑎𝑁 + 𝑎𝑆 + 𝑎𝐸 + 𝑎𝑊 + 𝑎0 + 𝐹𝑁 − 𝐹𝑆 + 𝐹𝐸 − 𝐹𝑊 
 
(4-69 ) 
𝑏𝑃 = 0 
 
(4-70 ) 
4.4.6 General form for all schemes. 
The general equation of discretization of the form: 
𝑎𝑃𝜙𝑃 = 𝑎𝑁𝜙𝑁 + 𝑎𝑆𝜙𝑆 + 𝑎𝐸𝜙𝐸 + 𝑎𝑊𝜙𝑊 + 𝑎0𝜙𝑃
0 + 𝑏𝑝 
 
(4-71 ) 
Is given by: 
𝑎𝑁 = 𝐷𝑁𝐴(|𝑃𝑁|) + 𝑚𝑎𝑥(−𝐹𝑁, 0) 
 
(4-72 ) 
𝑎𝑆 = 𝐷𝑆𝐴(|𝑃𝑆|) + 𝑚𝑎𝑥(𝐹𝑆, 0) 
 
(4-73 ) 
𝑎𝐸 = 𝐷𝐸𝐴(|𝑃𝐸|) + 𝑚𝑎𝑥(−𝐹𝐸 , 0) 
 
(4-74 ) 
𝑎𝑊 = 𝐷𝑊𝐴(|𝑃𝑊|) + 𝑚𝑎𝑥(𝐹𝑊, 0) 
 
(4-75 ) 
𝑎0 =
𝜌
∆𝑡
∆𝑥∆𝑦 
 
(4-76 ) 
𝑎𝑃 = 𝑎𝑁 + 𝑎𝑆 + 𝑎𝐸 + 𝑎𝑊 + 𝑎0 
 
(4-77 ) 
𝑏𝑃 = 0 
 
(4-78 ) 
 
Where 𝐴(|𝑃𝑖|) is a new function defined in Table 4-1: 
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Table 4-1: Function A(|Pi|) for different schemes [4]. 
Scheme Formula for 𝑨(|𝑷𝒊|) ∀ 𝒊 = 𝑵, 𝑺, 𝑬,𝑾. 
CDS 1 − 0.5|𝑃𝑖| 
UDS 1 
HDS max(0,1 − 0.5|𝑃𝑖|) 
PLS max(0, (1 − 0.1|𝑃𝑖|)
5) 
EDS 
|𝑃𝑖|
𝑒|𝑃𝑖| − 1
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4.5 Algorithm proposal. 
The algorithm proposal for the resolution for this problem is a Gauss Seidel, point by point, as 
shown below (Figure 3-7). 
 
Figure 4-7: Gauss Seidel point by point algorithm. 
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4.6 Parameters of the simulation. 
The simulation was developed in a conventional computer, with the following main characteristics 
(Table 3-3). 
Table 4-2: Characteristics of the simulation. 
Description Characteristic 
Type of code C,C++ 
Ambient Linux 
Post Processing. GNUplot 
 
The numerical parameters of the simulation are shown in Table 3-4. 
Table 4-3: Parameters of the simulation. 
Parameter Value Unit 
Type of discretization Faces centered - 
Mesh 200𝑥100 [Control volumes] 
Precision 10𝑥10−6 [units of φ] 
Maximum number of iterations 10𝑥105 [Iterations] 
Time step 1 [units of time] 
Solver Gauss Seidel - 
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4.7 Results. 
4.8 
ρ
𝛤
= 1𝑥101. 
The results obtained with the code proposal for this case are shown in Figure 3-8. 
 
Figure 4-8: Comparison of  ∅ distribucion at the outlet for 
𝜌
𝛤
= 1𝑥101- several schemes. 
In this case the results are independent of the scheme used, as the relation 
ρ
𝛤
 is low, the problem is 
practically a case of diffusion fluxes, for this value of the relation 
ρ
𝛤
 the mass fluxes are low thus the 
convective flows are insignificant. In this case, the results obtained by the proposed code have a 
good fit to the results provided for in [3].  
The Figure 4-9 show the field of property ∅ for the power law scheme. 
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Figure 4-9: Field of  ∅ for 
𝜌
𝛤
= 1𝑥101- Power Law Scheme. 
4.9 
ρ
𝛤
= 1𝑥103. 
The results obtained with the code proposal for this case are shown in Figure 3-8. 
 
Figure 4-10: Comparison of  ∅ distribucion at the outlet for 
𝜌
𝛤
= 1𝑥103- several schemes. 
At high Péclet numbers the phenomenon of advection induced by the convective flux is most 
relevant that the diffusion. The first effect of this is that the CDS scheme diverges. In this case, the 
results obtained by the proposed code having a less precise adjustment to the results for [3] that 
in the previous case, it can be seen that PLS scheme it presents a better performance.  
The Figure 4-9 shows the field of property ∅ for the power law scheme. 
 Numerical resolution of and mass heat transfer phenomena   Pag. 43 
 
 
 
Figure 4-11: Field of  ∅ for 
ρ
Γ
= 1x103- Power Law Scheme. 
4.10 
ρ
𝛤
= 1𝑥106 
The results obtained with the code proposal for this case are shown in Figure 4-12. 
 
Figure 4-12: Comparison of  ∅ distribucion at the outlet for 
ρ
Γ
= 1x106- several schemes. 
In this case, the code provides the same solutions for all schemes. While the adjustment in terms 
of trend with the results presented in [3] are acceptable, there is a high rate of error in the results 
in the area located in the middle of the outlet. 
The Figure 4-13 show the field of property ∅ for the power law scheme. 
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Figure 4-13: Field of  ∅ for 
ρ
Γ
= 1x106- Power Law Scheme. 
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5 Resolution of the Navier-stokes equations. 
5.1 Aspects of the pressure and velocity field in an incompressible flow. 
In the case described in the previous chapter, the velocity flow was known, however in most real 
engineering problems it is not possible to specify the velocity field. 
The difficult to calculate the velocity field lies in the unknown pressure field. The pressure gradient 
forms part of the momentum equation, but, there is no equation by which to directly determine 
this gradient. 
The pressure field is indirectly specified in the mass conservation equation, when the correct 
pressure field is substituted into the momentum equations, the resulting velocity field satisfies the 
mass conservation equation. 
Below is shown the Fractional Step Method used to approximate the pressure field. 
5.2 Fractional Step Method. 
This method consists in calculating an intermediate velocity field from the momentum equation, 
not taking into account the pressure gradient, then calculating the pressure field from this 
intermediate velocity field (also called predictor velocity) - making use of the continuity equation - 
and finally calculating the velocity field which satisfies the equation of continuity 
5.2.1 Helmholtz-Hodge theorem. 
The Helmholtz-Hodge theorem defines that for a given vector field 𝒘, defined in a bounded 
domain Ω with a smooth boundary 𝜕Ω, is uniquely decomposed in a pure gradient field and 
divergence-free vector parallel to 𝜕Ω 
𝒘 = 𝒂 + ∇𝜑 (5-1 ) 
Where, 
∇ ∙ 𝒂 = 0 ; 𝒂 ∈ 𝛀     (5-2 ) 
Applying this theorem to the governing equations we can obtain the fractional step method: 
First, the prescribed velocity field is calculated by: 
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𝒖𝑝 = 𝒖𝑛 +
Δ𝑡
𝜌
[
3
2
𝑹(𝒖𝑛) −
1
2
𝑹(𝒖𝑛−1)] 
(5-3 ) 
Where, 
𝑹(𝒖) = −(𝜌𝒖 ∙ 𝛁)𝒖 + 𝜇∆𝒖 (5-4 ) 
Then the Poisson equation for pressure is solved by: 
∆𝑝𝑛+1 =
𝜌
Δ𝑡
𝛁 ∙ 𝒖𝑝 
(5-5 ) 
And, the velocity field as obtained for: 
𝒖𝑛+1 = 𝒖𝑝 −
Δ𝑡
𝜌
𝛁𝑝𝑛+1 
(5-6 ) 
5.3 The lid driven cavity problem. 
5.3.1 Description of the problem. 
The lid driven cavity problem is a classical problem with a benchmark solution, defined as a hub 
containing a fluid whose top cover moves at a constant velocity u (Figure 5-1). 
 
Figure 5-1: Lid driven cavity problem. 
5.3.2 Boundary conditions. 
The boundary conditions of the problem are shown bellow: 
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𝑢𝑡𝑜𝑝 = 𝑈 (5-7 ) 
𝑣𝑡𝑜𝑝 = 0 (5-8 ) 
𝑢𝑏𝑜𝑡𝑡𝑜𝑚 = 𝑣𝑏𝑜𝑡𝑡𝑜𝑚 = 0 (5-9 ) 
𝑢𝑟𝑖𝑔ℎ𝑡 = 𝑣𝑟𝑖𝑔ℎ𝑡 = 0 (5-10 ) 
𝑢𝑙𝑒𝑓𝑡 = 𝑣𝑙𝑒𝑓𝑡 = 0 (5-11 ) 
𝜕𝑝
𝜕𝑛
= 0 
(5-12 ) 
5.3.3 Mesh of the problem. 
The mesh selected to solve this problem is the kind which is staggered, this system of mesh solves 
the problem named checkerboard and is easy to implement in structured meshes. 
In the staggered meshes, the control volumes of the pressure and the velocities are collocated 
decoupled one of the others (see Figure 5-2). 
 
Figure 5-2: Mesh of the problem. 
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In order to catch the most interesting behavior of the fluid, we using non-uniform mesh, the 
equation (5-13 ) it makes mesh to be smaller near the walls  
𝑥𝑖 = 𝛿 +
𝛿
2
[1 +
𝑡𝑎𝑛ℎ (2𝑘
𝑖 − 1
𝑛 − 𝑘)
𝑡𝑎𝑛ℎ(𝑘)
] 
(5-13 ) 
Where 
𝑥𝑖 = Position to 𝑖 node. 
𝛿 = Initial position to face for 𝑖 = 0 node. 
𝑘 = Densification factor, 𝑘 ∈ (0,1.5) with 0 to uniform mesh and 1.5 to smaller mesh near the 
walls. 
𝑛 = number total of control volumes in the direction. 
5.3.4 Discretization equations at the x direction. 
Integrating the equation (5-4 ) over the control volume shown in the Figure 5-4: 
 
Figure 5-3: u velocity control volume. 
We have: 
𝑹(𝒖) = −∫ (𝜌𝒖)𝑢 ∙ 𝒏𝑑𝑆
 
𝝏𝛀𝒙
+ ∫ 𝜇∇𝒖 ∙ 𝒏𝑑𝑆
 
𝝏𝛀𝒙
 
(5-14 ) 
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𝑹(𝒖) = [𝜇
𝑢[𝑖+1][𝑗]−𝑢[𝑖][𝑗] 
𝑑[𝑖+1] 𝑡𝑜[𝑖]
𝐴𝑐𝑣−𝑦 + 𝜇
𝑢[𝑖][𝑗+1]−𝑢[𝑖][𝑗] 
𝑑[𝑗+1] 𝑡𝑜[𝑗]
𝐴𝑐𝑣−𝑥 −𝜇
𝑢[𝑖][𝑗]−𝑢[𝑖−1][𝑗] 
𝑑[𝑖] 𝑡𝑜[𝑖−1]
𝐴𝑐𝑣−𝑦 −
𝜇
𝑢[𝑖][𝑗]−𝑢[𝑖][𝑗−1] 
𝑑[𝑗] 𝑡𝑜[𝑗−1]
𝐴𝑐𝑣−𝑥]  
                           −[(𝜌𝑢)𝑒𝑢𝑒𝐴𝑐𝑣−𝑦 + (𝜌𝑣)𝑛𝑢𝑛𝐴𝑐𝑣−𝑥 − (𝜌𝑢)𝑤𝑢𝑤𝐴𝑐𝑣−𝑥 − (𝜌𝑣)𝑠𝑢𝑠𝐴𝑐𝑣−𝑦] 
(5-15 ) 
 
Where 𝑢𝑛, 𝑢𝑠, 𝑢𝑒 , 𝑢𝑤 are calculated using Central Difference Scheme. 
5.3.5 Discretization equations at the y direction. 
Integrating the equation (5-4 ) over the control volume shown in the Figure 5-4: 
 
Figure 5-4: v velocity control volume. 
We have: 
𝑹(𝒗) = −∫ (𝜌𝒗)𝑣 ∙ 𝒏𝑑𝑆
 
𝝏𝛀𝒚
+ ∫ 𝜇∇𝒗 ∙ 𝒏𝑑𝑆
 
𝝏𝛀𝒚
 
(5-16 ) 
 
𝑹(𝒗) = [𝜇
𝑣[𝑖+1][𝑗]−𝑣[𝑖][𝑗] 
𝑑[𝑖+1] 𝑡𝑜[𝑖]
𝐴𝑐𝑣−𝑦 + 𝜇
𝑣[𝑖][𝑗+1]−𝑣[𝑖][𝑗] 
𝑑[𝑗+1] 𝑡𝑜[𝑗]
𝐴𝑐𝑣−𝑥 −𝜇
𝑣[𝑖][𝑗]−𝑣[𝑖−1][𝑗] 
𝑑[𝑖] 𝑡𝑜[𝑖−1]
𝐴𝑐𝑣−𝑦 −
(5-17 ) 
Pag. 50  Numerical resolution of heat and mass transfer phenomena 
 
 
 
𝜇
𝑣[𝑖][𝑗]−𝑣[𝑖][𝑗−1] 
𝑑[𝑗] 𝑡𝑜[𝑗−1]
𝐴𝑐𝑣−𝑥]  
                           −[(𝜌𝑢)𝑒𝑣𝑒𝐴𝑐𝑣−𝑦 + (𝜌𝑣)𝑛𝑣𝑛𝐴𝑐𝑣−𝑥 − (𝜌𝑢)𝑤𝑣𝑤𝐴𝑐𝑣−𝑥 − (𝜌𝑣)𝑠𝑣𝑠𝐴𝑐𝑣−𝑦] 
 
Where 𝑣𝑛, 𝑣𝑠, 𝑣𝑒 , 𝑣𝑤 are calculated using Central Difference Scheme. 
5.3.6 Discretization of Poisson Equation. 
In order to obtain the discretization of Poisson equation, we can integrate the equation (5-5) over 
a control volume Ω: 
∫∆𝑝𝑛+1𝑑Ω
 
Ω
=
𝜌
Δ𝑡
∫𝛁 ∙ 𝒖𝑝𝑑Ω
 
Ω
 
(5-18 ) 
 
∫∆𝑝𝑛+1 ∙ 𝒏𝑑S
 
Ω
=
𝜌
Δ𝑡
∫𝒖𝑝 ∙ 𝒏𝑑S
 
Ω
 
(5-19 ) 
 
𝑝𝐸
𝑛+1 − 𝑝𝑃
𝑛+1
𝑑𝐸𝑃
+
𝑝𝑁
𝑛+1 − 𝑝𝑃
𝑛+1
𝑑𝑁𝑃
−
𝑝𝑃
𝑛+1 − 𝑝𝑊
𝑛+1
𝑑𝑊𝑃
−
𝑝𝑃
𝑛+1 − 𝑝𝑆
𝑛+1
𝑑𝑆𝑃
= 
1
∆𝑡
[(𝜌𝑢𝑝)𝑒𝐴𝑒 + (𝜌𝑣
𝑝)𝑛𝐴𝑛−(𝜌𝑢
𝑝)𝑤𝐴𝑤 − (𝜌𝑣
𝑝)𝑠𝐴𝑠] 
(5-20 ) 
So, we have a equation of discretization of the form: 
𝑎𝑃𝑝𝑃
𝑛+1 = 𝑎𝑁𝑝𝑁
𝑛+1 + 𝑎𝑆𝑝𝑆
𝑛+1 + 𝑎𝐸𝑝𝐸
𝑛+1 + 𝑎𝑊𝑝𝑊
𝑛+1 + 𝑏𝑝 
 
(5-21 ) 
With: 
𝑎𝑁 =
𝐴𝑁
𝑑𝑁𝑃
 
 
(5-22 ) 
𝑎𝑆 =
𝐴𝑆
𝑑𝑆𝑃
 
 
(5-23 ) 
𝑎𝐸 =
𝐴𝐸
𝑑𝐸𝑃
 
 
(5-24 ) 
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𝑎𝑊 =
𝐴𝑊
𝑑𝑊𝑃
 
 
(5-25 ) 
𝑏𝑃 = −
1
∆𝑡
[(𝜌𝑢𝑝)𝑒𝐴𝑒 + (𝜌𝑣
𝑝)𝑛𝐴𝑛−(𝜌𝑢
𝑝)𝑤𝐴𝑤 − (𝜌𝑣
𝑝)𝑠𝐴𝑠] 
(5-26 ) 
 
5.3.7 Select the time step: The Courant–Friedrichs–Lewy condition. 
The Courant–Friedrichs–Lewy (CFL) condition is a necessary condition for convergence while 
solving certain partial differential equations (as Navier Stokes Equations) numerically by the 
method of finite differences. It arises in the numerical analysis of explicit time integration 
schemes. 
CFL is given by: 
min (∆𝑡𝑐, ∆𝑡𝑑) (5-27 ) 
With: 
∆𝑡𝑐 = min (
∆𝑥
|𝑢|
∙ 0.35) 
(5-28 ) 
∆𝑡𝑑 = min (
𝜌∆𝑥2
𝜇
∙ 0.2) 
(5-29 ) 
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5.3.8 Algorithm proposal. 
The algorithm proposal for the resolution for this problem are shown in the Figure 5-5. 
 
Figure 5-5: Algorithm proposal for Lid Driven Cavity Problem. 
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5.3.9 Parameters of the simulation. 
The simulation was developed in a conventional computer, with the following main characteristics 
(Table 3-3). 
Table 5-1: Characteristics of the simulation. 
Description Characteristic 
Type of code C,C++ 
Ambient Linux 
Post Processing. GNUplot / Tecplot 
 
The numerical parameters of the simulation are shown in Table 3-4. 
Table 5-2: Parameters of the simulation. 
Parameter Value Unit 
Type of discretization Staggered - 
Mesh 40𝑥40 [Control volumes] 
Precision 10𝑥10−6 [°C] 
Maximum number of iterations 10𝑥106 [Iterations] 
Time step 𝐶𝐹𝐿 - 
Solver 𝐿𝑈 - 
Reynolds 100 - 
 
5.3.10 Results. 
To check the code it is possible to compare results obtained in the simulation with the result 
indicated in [6] (see Figure 5-6). 
 
Figure 5-6: U center for the simulation. 
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In the Figure 5-3 and Figure 5-4 velocity fields for the simulation are shown: 
 
Figure 5-7: u direction velocity field with streamlines at vortex. 
 
Figure 5-8: v direction velocity field. 
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5.4 Potential improvements. 
The results are insufficient to adequately characterize the problem with higher Reynolds numbers; 
due to the temporal limitation of the development of this work it was not possible to apply 
improvements in order to obtain numerical results for these situations. Among these 
improvements, we can mention: 
 Use more compact programming methodologies. 
 Improvements in the use of computer memory. 
 Develop algorithms that perform calculations in parallel 
 Use of high order scheme [7], [8]. 
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6 Performance in flat solar collector. 
6.1 Description of the experimental facilities. 
The test bank uses pressurized water as the working fluid, and is able to perform tests for up to 
150 [°C] and 8 [bar], as the limiting conditions. The total maximum absorber area that can be 
reserved in these facilities is 10 m2.  
As can be followed in the Figure 6-1, in general terms, the working fluid (water) leaves the 
collector passes through the external air-water heat exchanger, where it is cooled a few degrees 
under the collector inlet temperature. After passing through the pump, the filter, and the visor, 
the water is heated in the heater, and then it enters the collector again at a temperature slightly 
lower than the heater outlet temperature, due to heat losses (more details see [9]). 
 
Figure 6-1: Scheme of the experimental facilities. 
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The hydraulic circuit is composed of many elements. The main elements to consider are: 
 Solar collector (Figure 6-2). 
 Pump 
 Filter 
 Visor 
 Heater 
 External water to air heat exchanger 
 Expansion vessel 
 Air vents 
 
Figure 6-2: Solar collector. 
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Despite not being installed in the hydraulic circuit, some elements are of importance as the solar 
collector tests are concerned: 
 Pyranometer 
 Anemometer 
The pressurized water collector test bank of the CTTC SOLAR CELL is able to perform many tests 
related with solar collectors: 
 Outdoor steady-state efficiency test 
 Determination of the effective thermal capacity and the time constant of a collector 
 Collector incident angle modifier 
 Determination of the pressure drop across the collector 
 Heat loss coefficient test 
 Stagnation condition test 
This work is about the outdoor steady-state efficiency test based in the standard ISO 9806-1. 
6.1.1 Data acquisition and control system: 
The data acquisition and control system is composed of a PC, a data acquisition unit made out of 
an HP 3852A DATA ACQUISITION UNIT and two AGILENT 34970A DATA ACQUISITION/SWITCH 
units (integrated with a multimeter, a counter, and a digital-to analog converter) together with a 
power source. The connection between the PC and the data acquisition unit is performed by an 
HP-IB type interface. 
The administration of the hardware is carried out by means of a data acquisition and control 
program (EUDAC: Experimental Units Data Acquisition and Control), which has been developed in 
the CTTC employing HP-VEE programming language (for more information see [9]).  
6.1.2 The CTTC Solar collector. 
The CTTC solar collector is a flat plate collector (FPC) with plastic transparent insulation materials 
(TIM) and a low-cost overheating protection system destined for heat supply from 80 to 120 [°C].  
The collector as a system of ventilation is composed of a  channel with a thermally actuated door 
which is inserted below the absorber to protect the collector from stagnation conditions while 
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preserving good performance during normal operation. This collector is intended to have not only 
a comparable efficiency with the available commercial collectors but also low cost [10]. 
 
Figure 6-3: Cross section of a CTTC solar collector. Source [10] 
6.2 Standard ISO 9806-1. 
This standard establishes methods for determining the thermal performance of glazed liquid 
heating solar collectors and provides test methods and calculation procedures for determining the 
steady state and quasi-steady-state thermal performance of solar collectors. It contains methods 
for conducting tests outdoors under natural solar irradiance and for conducting tests indoors 
under simulated solar irradiance. 
The test period for a steady-state data point shall include a preconditioning period of at least 15 
min with the correct fluid measurement temperature at the inlet, followed by a steady state  
A collector is considered to have been operating in steady-state conditions over a given 
measurement period if none of the experimental parameters deviate from their mean values over 
the measurement period by more than the limits given in Table 6-1 .  
Table 6-1: Permitted deviation of measured parameters during the measurement period. 
Parameter Permitted deviation from the mean value 
Test solar irradiance 50 [
𝑊
𝑚2
] 
Surrounding air temperature 1[𝐾] 
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Parameter Permitted deviation from the mean value 
Fluid mass flow rate 1 % 
Fluid temperature at the collector inlet 0.1[𝐾] 
6.3 Main equations. 
The actual useful power extracted by the solar collector ?̇?, is calculated from the equation: 
?̇? = ?̇?𝐶𝑝Δ𝑇 (6-1 ) 
When  
?̇? = mass flow rate of heat transfer fluid. 
𝐶𝑝 = Specific heat capacity of heat transfer fluid. 
Δ𝑇 = Temperature difference between fluid outlet and inlet the solar collector. 
The efficiency of the collector referred to the absorber area 𝐴𝐴 is given by: 
𝜂𝑎 =
?̇?
𝐴𝑎G
 
(6-2 ) 
With G as a measured global solar irradiance. 
Graphically, it is possible to obtain: 
𝜂 = 𝜂0 − 𝑈𝑇
∗ (6-3 ) 
When  
𝜂 = Collector thermal efficiency, with reference to 𝑇∗. 
𝜂0 = Eta zero (𝜂 𝑎𝑡 𝑇 
∗ = 0) reference to 𝑇 
∗. 
U = Measured overall heat loss coefficient of collector, with reference to 𝑇∗.. 
𝑇∗ = Reduced temperature difference defined as 𝑇∗ =
𝑇𝑖𝑛−𝑇𝑎𝑚𝑏
𝐺
 
6.4 Experimental data. 
The practical work consists in taking the  main system data (temperatures of all point of interest) 
and the ambient data for several days. The first part of the analysis consists in verifying if the data 
series obtained for the determined day is feasible for the analysis in agreement with Table 6-2. For 
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this, we took four data sets of 15 minutes around the solar midday, two before, and two after. 
Note, that in order to facilitate the obtention of the efficiency curve, the permitted derivations are 
slightly increased whit respect to the values proposed in Table 6-1. 
Table 6-2: Permitted deviation of measured parameters during the measurement period for the experiment. 
Parameter Permitted deviation from the mean value 
Test solar irradiance 80 [
𝑊
𝑚2
] 
Fluid mass flow rate 1 % 
Fluid temperature at the collector inlet 0.3[𝐾] 
 
The gathered data are checked by means of a daily report as shown in the Figure 6-4. In the 
Annexed D the daily reports are shown for all days considered for obtaining the efficiency curve of 
the solar collector. 
 
Figure 6-4: Daily report of solar data. 
date 28/Dec/2016
Etiquetas de fila Promedio de 11Ti Máx. de 11Ti2 Mín. de 11Ti3 Deviation Is OK at? 0.3 [K]
1 34.78 34.84 34.71 0.071 OK
2 34.79 34.88 34.71 0.089 OK
3 34.79 34.91 34.73 0.120 OK
4 34.78 34.89 34.68 0.105 OK
date 28/Dec/2016 OK
Etiquetas de fila Promedio de G Máx. de G2 Mín. de G3 Deviation Is OK at? 80 [W/m^2]
1 1029.46 1094.40 952.38 64.941 OK
2 1059.65 1136.17 952.38 76.525 OK
3 1028.79 1094.40 1002.51 65.609 OK
4 1034.25 1094.40 952.38 60.151 OK
date 28/Dec/2016 OK
Etiquetas de fila Promedio de 11FW Máx. de 11FW2 Mín. de 11FW3 Deviation Is OK at? 0.01
1 0.0421 0.0423 0.0419 0.55% OK
2 0.0421 0.0423 0.0417 0.84% OK
3 0.0420 0.0422 0.0419 0.45% OK
4 0.0421 0.0423 0.0419 0.54% OK
date 28/Dec/2016 OK
Promedio de Degrees Promedio de 01Ta Promedio de 31ToPromedio de 11FW
60.0000 14.5900 35.0178 0.0421
date 28/Dec/2016 OK
Etiquetas de fila Promedio de eta Promedio de T*i Eta T*
1 67% 0.0199                     Dai ly_201XMMDD@35 67% 0.019898                         
2 67% 0.0189                     Dai ly_201XMMDD@35 67% 0.018884                         
3 69% 0.0194                     Dai ly_201XMMDD@35 69% 0.019383                         
4 68% 0.0187                     Dai ly_201XMMDD@35 68% 0.018718                         
Resume
Temperatures
Solar radiation
Mass Flow
General Data
Eta curve
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In order to determine the behavior of the solar collector for the whole range, measurements were 
made at various working temperatures. Additionally, the angle of inclination of the solar collector 
is adjusted to obtain the radiation in the normal direction around the solar midday is controlled. 
Table 6-3: Temperatures for a test days. 
Date 
Setting temperature  
[°C] 
Ambient temperature 
(mean) [°C] 
02/Jan/2017 50 10.46 
03/Jan/2017 50 7.94 
04/Jan/2017 50 11.36 
28/Dec/2016 35 14.87 
29/Dec/2016 35 12.91 
05/Jan/2017 58 11.18 
06/Jan/2017 58 10.06 
07/Jan/2017 70 11.27 
09/Jan/2017 90 10.53 
10/Jan/2017 90 8.58 
11/Jan/2017 90 10.98 
13/Jan/2017 90 12.03 
14/Jan/2017 35 10.21 
17/Jan/2017 70 8.75 
18/Jan/2017 110 6.61 
30/Jan/2017 35 13.80 
31/Jan/2017 50 14.87 
06/Feb/2017 70 13.47 
08/Feb/2017 50 13.40 
09/Feb/2017 90 12.63 
06/Mar/2017 50 18.40 
07/Mar/2017 55 17.74 
08/Mar/2017 50 17.83 
09/Mar/2017 35 20.72 
10/Mar/2017 70 22.30 
14/Mar/2017 90 22.44 
16/Mar/2017 70 20.93 
 Numerical resolution of and mass heat transfer phenomena   Pag. 63 
 
 
Date 
Setting temperature  
[°C] 
Ambient temperature 
(mean) [°C] 
17/Mar/2017 50 20.13 
20/Mar/2017 110 20.88 
 
6.4.1 Performance from the experimental data. 
Selecting the most favorable days and using the equations presented in 6.3, we obtained the 
results as shown in the Table 6-4. 
Table 6-4: Results for most favorable days 
Date Period 
Setting 
temperature 
[°C] 
𝜼 
Reduced 
temperature 
[
𝑚2𝐾
𝑊
] 
28/Dec/2016 
1 35.03 67% 0.0199 
2 35.03 67% 0.0189 
3 35.03 69% 0.0194 
4 35.01 68% 0.0187 
31/Jan/2017 
1 50.03 62% 0.0344 
2 50.05 62% 0.0343 
3 49.93 63% 0.0405 
4 50.02 63% 0.0355 
07/Mar/2017 
1 55.01 64% 0.0349 
2 55.02 65% 0.0348 
3 55.05 64% 0.0340 
4 55.03 65% 0.0343 
10/Mar/2017 
1 70.03 61% 0.0452 
2 70.07 61% 0.0439 
3 70.01 63% 0.0444 
4 69.99 61% 0.0444 
14/Mar/2017 
1 90.01 55% 0.0630 
2 90.23 57% 0.0624 
3 90.42 57% 0.0629 
4 90.32 58% 0.0636 
20/Mar/2017 
1 110.07 48% 0.0842 
2 109.97 47% 0.0818 
3 110.02 48% 0.0828 
4 109.97 47% 0.0830 
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Finally, we obtain the curve of the collector by a linear regression of the data as are shown in the 
Figure 6-5. 
 
Figure 6-5: Solar collector curve. 
Where: 
𝜂0 = 0.7423 
U =  3.0336 [
𝑤
𝑚2𝐾
]. 
6.4.2 Analysis of angular dependence. 
In order to study the dependence of the angle 𝜃 of declination with respect to normal solar 
radiation, we obtained the performance results indicated in the Table 6-5. 
Table 6-5: Angular performance. 
𝑻∗  [
𝑚2𝐾
𝑊
] 𝜼𝜽 𝜼 
𝜼
𝜼𝜽
 𝜽 
0.0150 59% 70% 85% 40.71° 
0.0141 61% 70% 87% 37.24° 
0.0132 62% 70% 88% 33.77° 
0.0130 63% 70% 90% 30.29° 
0.0126 66% 70% 94% 26.80° 
0.0122 67% 71% 95% 23.31° 
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𝑻∗  [
𝑚2𝐾
𝑊
] 𝜼𝜽 𝜼 
𝜼
𝜼𝜽
 𝜽 
0.0111 66% 71% 93% 19.82° 
0.0106 67% 71% 94% 16.33° 
0.0103 68% 71% 95% 12.83° 
0.0100 67% 71% 95% 9.33° 
0.0096 69% 71% 96% 5.83° 
0.0096 68% 71% 95% 2.33° 
0.0086 70% 72% 98% 1.17° 
 
Graphically: 
 
Figure 6-6:  
𝜂
𝜂𝜃
 vs. 𝜃. 
The Figure 6-7 shows the angular performance and the normal performance in the same graph. 
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Figure 6-7: Angular and normal performance. 
 
At the time of listing of the present work, only angular dependencies up to 40° were obtained. The 
obtained results reveal that r¿the efficiency of the collector is reduced by only 15% at the highest 
measured angle of incidence, showing the potential of the collector. 
It is important to note that a complete study of heat transfer and mass transfer processes in a 
solar collector include an analysis of greater complexity than the scope of this project, as can be 
seen in the figure, numerous heat flows participate in the process of equipment studied. 
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Figure 6-8: Heat fluxes in a solar collector. Source [10]. 
As the future work, the angle of incidence test will be completed in order to determine the overall 
thermal behavior of the tested collector, for the whole range of incidence angles.   
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7  Conclusions 
During the development of this work, the numerical approximations to the resolution of problems 
involving the heat and mass transfer were analyzed, as it was observed. In the case of heat 
conduction the results obtained numerically are adjusted to the physical behavior, and in cases 
involving fluid flow, other variables will make the model more accurate, both numerical (mesh 
type, precision), and physics associated mainly with the diffusion and the choice of a correct 
scheme to determine the flows in the faces of control volumes. It is also important to consider 
computational power as one of the limitations in these studies. 
As shown in Figure 6-8, a solar collector presents simultaneous phenomena of heat transference, 
and fluxes, involving conduction, natural convection in the interior, convection in the exterior and 
radiation in all its forms. A numerical model that considers all this must also consider models of 
turbulence and the modeling of flows in 3D, several types of research such as those developed in 
the CTTC allow an approximation to the real phenomenon, and through the complete knowledge 
of the behavior of the flows is possible introduce improvements in either the selection of 
materials, safety systems or other aspects related to heat transfer such as insulation and TIM. 
Another interesting approach allows us to approximation the behavior of the collectors through 
the experimental analysis and the review of the results obtained directly and analyzed under 
international standards such as ISO. In most cases, selection and design considerations for solar 
collectors will be based on the design by codes or standards. However, for the improvement of 
performance, it is absolutely necessary to advance in the complete numerical simulation of the 
systems. 
This work discusses both approaches to the global understanding of heat transfer phenomena, 
and the crucial importance of understanding the governing equations in the design of thermal 
equipment. 
The next steps to be taken in this work is to consider improving and extending the resolution code 
of the Navier Stokes Equations presented in the case of Lid Driven Cavity, incorporating the energy 
equations and higher order schemes. 
In addition to this, future work must necessarily consider phenomena that are as highly complex 
as the three-dimensionality of heat flows, turbulence and phase changes.  
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Annexed A Conduction code. 
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Annexed B Convection diffusion code. 
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Annexed C Navier Stokes code (only main) 
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Annexed D Daily reports for a selected days. 
 
  
date 28/Dec/2016
Etiquetas de fila Promedio de 11Ti Máx. de 11Ti2 Mín. de 11Ti3 Deviation Is OK at? 0.3 [K]
1 34.78 34.84 34.71 0.071 OK
2 34.79 34.88 34.71 0.089 OK
3 34.79 34.91 34.73 0.120 OK
4 34.78 34.89 34.68 0.105 OK
date 28/Dec/2016 OK
Etiquetas de fila Promedio de G Máx. de G2 Mín. de G3 Deviation Is OK at? 80 [W/m^2]
1 1029.46 1094.40 952.38 64.941 OK
2 1059.65 1136.17 952.38 76.525 OK
3 1028.79 1094.40 1002.51 65.609 OK
4 1034.25 1094.40 952.38 60.151 OK
date 28/Dec/2016 OK
Etiquetas de fila Promedio de 11FW Máx. de 11FW2 Mín. de 11FW3 Deviation Is OK at? 0.01
1 0.0421 0.0423 0.0419 0.55% OK
2 0.0421 0.0423 0.0417 0.84% OK
3 0.0420 0.0422 0.0419 0.45% OK
4 0.0421 0.0423 0.0419 0.54% OK
date 28/Dec/2016 OK
Promedio de Degrees Promedio de 01Ta Promedio de 31ToPromedio de 11FW
60.0000 14.5900 35.0178 0.0421
date 28/Dec/2016 OK
Etiquetas de fila Promedio de eta Promedio de T*i Eta T*
1 67% 0.0199                     Dai ly_201XMMDD@35 67% 0.019898                         
2 67% 0.0189                     Dai ly_201XMMDD@35 67% 0.018884                         
3 69% 0.0194                     Dai ly_201XMMDD@35 69% 0.019383                         
4 68% 0.0187                     Dai ly_201XMMDD@35 68% 0.018718                         
Resume
Temperatures
Solar radiation
Mass Flow
General Data
Eta curve
 Numerical resolution of and mass heat transfer phenomena   Pag. 91 
 
 
 
  
date 31/Jan/2017
Etiquetas de fila Promedio de 11Ti Máx. de 11Ti2 Mín. de 11Ti3 Deviation Is OK at? 0.3 [K]
1 49.50 49.60 49.36 0.136 OK
2 49.52 49.69 49.39 0.172 OK
3 49.39 49.55 49.23 0.162 OK
4 49.48 49.72 49.09 0.391 OUT
date 31/Jan/2017 OK
Etiquetas de fila Promedio de G Máx. de G2 Mín. de G3 Deviation Is OK at? 80 [W/m^2]
1 1025.75 1094.40 1002.51 68.657 OK
2 1014.34 1094.40 910.61 80.068 OUT
3 846.61 910.61 776.94 63.999 OK
4 969.16 1094.40 860.48 125.240 OUT
date 31/Jan/2017 OK
Etiquetas de fila Promedio de 11FW Máx. de 11FW2 Mín. de 11FW3 Deviation Is OK at? 0.01
1 0.0421 0.0422 0.0419 0.48% OK
2 0.0420 0.0422 0.0419 0.47% OK
3 0.0420 0.0422 0.0420 0.25% OK
4 0.0420 0.0422 0.0419 0.46% OK
date 31/Jan/2017 OK
Promedio de Degrees Promedio de 01Ta Promedio de 31ToPromedio de 11FW
60.0000 12.9588 48.8909 0.0420
date 31/Jan/2017 OK
Etiquetas de fila Promedio de eta Promedio de T*i Eta T*
1 62% 0.0344                     Dai ly_201XMMDD@49 62% 0.034425                         
2 62% 0.0343                     Dai ly_201XMMDD@49 62% 0.034307                         
3 63% 0.0405                     Dai ly_201XMMDD@49 63% 0.040503                         
4 63% 0.0355                     Dai ly_201XMMDD@49 63% 0.035488                         
Temperatures
Solar radiation
Mass Flow
General Data
Eta curve
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date 07/Mar/2017
Etiquetas de fila Promedio de 11Ti Máx. de 11Ti2 Mín. de 11Ti3 Deviation Is OK at? 0.3 [K]
1 54.38 54.62 54.03 0.355 OUT
2 54.46 54.61 54.27 0.185 OK
3 54.47 54.56 54.34 0.131 OK
4 54.47 54.69 54.27 0.218 OK
date 07/Mar/2017 OK
Etiquetas de fila Promedio de G Máx. de G2 Mín. de G3 Deviation Is OK at? 80 [W/m^2]
1 1064.31 1136.17 1002.51 71.861 OK
2 1062.55 1136.17 1002.51 73.622 OK
3 1077.62 1136.17 1044.28 58.554 OK
4 1054.89 1094.40 1002.51 39.514 OK
date 07/Mar/2017 OK
Etiquetas de fila Promedio de 11FW Máx. de 11FW2 Mín. de 11FW3 Deviation Is OK at? 0.01
1 0.0420 0.0423 0.0419 0.63% OK
2 0.0420 0.0423 0.0419 0.63% OK
3 0.0420 0.0422 0.0419 0.37% OK
4 0.0420 0.0423 0.0419 0.63% OK
date 07/Mar/2017 OK
Promedio de Degrees Promedio de 01Ta Promedio de 31ToPromedio de 11FW
44.0000 16.7049 55 0.0416
date 07/Mar/2017 OK
Etiquetas de fila Promedio de eta Promedio de T*i Eta T*
1 64% 0.0349                     #¡VALOR! 64% 0.034950                         
2 65% 0.0348                     #¡VALOR! 65% 0.034794                         
3 64% 0.0340                     #¡VALOR! 64% 0.033985                         
4 65% 0.0343                     #¡VALOR! 65% 0.034292                         
Temperatures
Solar radiation
Mass Flow
General Data
Eta curve
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date 10/Mar/2017
Etiquetas de fila Promedio de 11Ti Máx. de 11Ti2 Mín. de 11Ti3 Deviation Is OK at? 0.3 [K]
1 69.25 69.62 68.87 0.378 OUT
2 69.31 69.44 69.10 0.210 OK
3 69.27 69.39 69.10 0.175 OK
4 69.22 69.48 68.91 0.314 OUT
date 10/Mar/2017 OK
Etiquetas de fila Promedio de G Máx. de G2 Mín. de G3 Deviation Is OK at? 80 [W/m^2]
1 1058.77 1094.40 1002.51 35.635 OK
2 1072.77 1136.17 1002.51 63.403 OK
3 1051.45 1136.17 1002.51 84.725 OUT
4 1048.08 1136.17 1002.51 88.093 OUT
date 10/Mar/2017 OK
Etiquetas de fila Promedio de 11FW Máx. de 11FW2 Mín. de 11FW3 Deviation Is OK at? 0.01
1 0.0420 0.0422 0.0417 0.61% OK
2 0.0420 0.0422 0.0417 0.60% OK
3 0.0420 0.0422 0.0417 0.62% OK
4 0.0420 0.0422 0.0419 0.45% OK
date 10/Mar/2017 OK
Promedio de Degrees Promedio de 01Ta Promedio de 31ToPromedio de 11FW
44.0000 21.5464 70 0.0420
date 10/Mar/2017 OK
Etiquetas de fila Promedio de eta Promedio de T*i Eta T*
1 61% 0.0452                     Dai ly_201XMMDD@70 61% 0.045155                         
2 61% 0.0439                     Dai ly_201XMMDD@70 61% 0.043887                         
3 63% 0.0444                     Dai ly_201XMMDD@70 63% 0.044374                         
4 61% 0.0444                     Dai ly_201XMMDD@70 61% 0.044396                         
Temperatures
Solar radiation
Mass Flow
General Data
Eta curve
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date 14/Mar/2017
Etiquetas de fila Promedio de 11Ti Máx. de 11Ti2 Mín. de 11Ti3 Deviation Is OK at? 0.3 [K]
1 88.74 88.96 88.56 0.223 OK
2 88.93 89.15 88.65 0.278 OK
3 89.16 89.30 88.89 0.267 OK
4 89.10 89.17 88.98 0.116 OK
date 14/Mar/2017 OK
Etiquetas de fila Promedio de G Máx. de G2 Mín. de G3 Deviation Is OK at? 80 [W/m^2]
1 1070.98 1136.17 1002.51 65.193 OK
2 1067.40 1136.17 1044.28 68.773 OK
3 1057.03 1136.17 952.38 79.142 OK
4 1038.83 1094.40 952.38 55.571 OK
date 14/Mar/2017 OK
Etiquetas de fila Promedio de 11FW Máx. de 11FW2 Mín. de 11FW3 Deviation Is OK at? 0.01
1 0.0419 0.0422 0.0417 0.54% OK
2 0.0419 0.0422 0.0417 0.55% OK
3 0.0419 0.0420 0.0419 0.21% OK
4 0.0419 0.0422 0.0417 0.55% OK
date 14/Mar/2017 OK
Promedio de Degrees Promedio de 01Ta Promedio de 31ToPromedio de 11FW
44.0000 20.0931 90 0.0419
date 14/Mar/2017 OK
Etiquetas de fila Promedio de eta Promedio de T*i Eta T*
1 55% 0.0630                     Dai ly_201XMMDD@90 55% 0.062956                         
2 57% 0.0624                     Dai ly_201XMMDD@90 57% 0.062356                         
3 57% 0.0629                     Dai ly_201XMMDD@90 57% 0.062854                         
4 58% 0.0636                     Dai ly_201XMMDD@90 58% 0.063622                         
Temperatures
Solar radiation
Mass Flow
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Eta curve
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date 20/Mar/2017
Etiquetas de fila Promedio de 11Ti Máx. de 11Ti2 Mín. de 11Ti3 Deviation Is OK at? 0.3 [K]
1 108.19 108.40 108.00 0.210 OK
2 108.07 108.30 107.90 0.229 OK
3 108.13 108.30 108.00 0.173 OK
4 108.08 108.20 107.90 0.176 OK
date 20/Mar/2017 OK
Etiquetas de fila Promedio de G Máx. de G2 Mín. de G3 Deviation Is OK at? 80 [W/m^2]
1 1037.82 1094.40 1002.51 56.581 OK
2 1066.35 1094.40 1044.28 28.052 OK
3 1052.94 1136.17 1002.51 83.239 OUT
4 1054.27 1136.17 1002.51 81.902 OUT
date 20/Mar/2017 OK
Etiquetas de fila Promedio de 11FW Máx. de 11FW2 Mín. de 11FW3 Deviation Is OK at? 0.01
1 0.0418 0.0422 0.0416 0.95% OK
2 0.0418 0.0423 0.0416 1.14% OUT
3 0.0418 0.0420 0.0416 0.56% OK
4 0.0418 0.0422 0.0416 0.77% OK
date 20/Mar/2017 OK
Promedio de Degrees Promedio de 01TaPromedio de 31ToPromedio de 11FW
44.0000 20.2060 110 0.0418
date 20/Mar/2017 OK
Etiquetas de fila Promedio de eta Promedio de T*i Eta T*
1 48% 0.0842                 #¡VALOR! 48% 0.084185                         
2 47% 0.0818                 #¡VALOR! 47% 0.081770                         
3 48% 0.0828                 #¡VALOR! 48% 0.082836                         
4 47% 0.0830                 #¡VALOR! 47% 0.083030                         
Temperatures
Solar radiation
Mass Flow
General Data
Eta curve
